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Geneticallyencodedcalciumindicators(GECIs)arepowerfultoolsforsystemsneuroscience.Recenteffortsinproteinengineeringhave
significantlyincreasedtheperformanceofGECIs.Thestate-of-theartsingle-wavelengthGECI,GCaMP3,hasbeendeployedinanumber
of model organisms and can reliably detect three or more action potentials in short bursts in several systems in vivo. Through protein
structure determination, targeted mutagenesis, high-throughput screening, and a battery of in vitro assays, we have increased the
dynamic range of GCaMP3 by severalfold, creating a family of “GCaMP5” sensors. We tested GCaMP5s in several systems: cultured
neuronsandastrocytes,mouseretina,andinvivoinCaenorhabditischemosensoryneurons,Drosophilalarvalneuromuscularjunction
andadultantennallobe,zebrafishretinaandtectum,andmousevisualcortex.Signal-to-noiseratiowasimprovedbyatleast2-to3-fold.
In the visual cortex, two GCaMP5 variants detected twice as many visual stimulus-responsive cells as GCaMP3. By combining in vivo
imaging with electrophysiology we show that GCaMP5 fluorescence provides a more reliable measure of neuronal activity than its
predecessorGCaMP3.GCaMP5allowsmoresensitivedetectionofneuralactivityinvivoandmayfindwidespreadapplicationsforcellular
imagingingeneral.
Introduction
Calcium is a ubiquitous second messenger, playing an essential
role in excitable cells and signal transduction. Calcium ions
(Ca
2) enter neurons during action potential (AP) firing and
synaptic input. AP firing and synaptic inputs can therefore be
assessed, sometimes quantitatively, by measuring changes in in-
tracellular [Ca
2] (Yasuda et al., 2004). Genetically encoded cal-
cium indicators (GECIs) (Mank and Griesbeck, 2008) and small
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both used to report [Ca
2] changes; but GECIs have the advan-
tage that they enable chronic, noninvasive imaging of defined
cells and compartments (Mao et al., 2008). State-of-the-art
GECIs include the Fo ¨rster resonance energy transfer (FRET) in-
dicators D3cpVenus (D3cpV) (Palmer et al., 2006), TN-XXL
(Mank et al., 2008), and YC3.60 (Nagai et al., 2004), and the
single-wavelength sensor GCaMP3 (Tian et al., 2009). GCaMP3
is based on circularly permuted green fluorescent protein
(cpGFP), calmodulin (CaM), and the Ca
2/CaM-binding
“M13” peptide (M13pep). Several versions of the original
GCaMPsensor(Nakaietal.,2001)havebeenpublished(Ohkura
et al., 2005; Tallini et al., 2006; Akerboom et al., 2009). Recent
versions include “GCaMP4.1” (Shindo et al., 2010), which was
usedtoimageXenopusgastrulation,butnosequenceinformation
or comparison with other GECIs is published. “GCaMP-HS”
consists of GCaMP2 with a subset of the “superfolder GFP” mu-
tations(Pe ´delacqetal.,2006)andwasusedforimagingzebrafish
motor neurons (Muto et al., 2011), but was also not compared
with other sensors. The “G-GECO” sensors (Zhao et al., 2011)
were created from GCaMP3 by random mutagenesis; they show
2 greater fluorescence increase in purified protein (Ca
2-
saturatedvsCa
2-free)butwerenottestedinneurons.However,
thesensorsaredimmerthanGCaMP3inboththeCa
2-freeand
Ca
2-bound states, which can complicate imaging.
GCaMP3 has been used to detect activity in large neuronal
populations in the motor cortex (Tian et al., 2009), barrel cortex
(O’Connor et al., 2010), and hippocampus (Dombeck et al.,
2010) of behaving mice. Long-term imaging of GCaMP3 has re-
vealed learning-related circuit changes in vivo (Huber et al.,
2012). GCaMP3 imaging has also been used to probe dendritic
excitationinlayer5dendritesinvivo(Xuetal.,2010;Mittmannet
al., 2011), light-evoked responses in populations of neurons in
mouse retina (Borghuis et al., 2011), zebrafish tectum (Del Bene
et al., 2010), and walking Drosophila (Chiappe et al., 2010; Seelig
et al., 2010), among others. However, GCaMP3 remains an im-
perfect GECI. Single APs are not reliably detected in vivo, and
detection of active cells lags synthetic indicators (Tian et al.,
2009). GCaMP5 was engineered from GCaMP3 using a combi-
nation of structure-guided design (Akerboom et al., 2009) and
semirational library screening. We have enhanced sensitivity by
increasing the dynamic range of the fluorescence response (F/
F  (F  F0)/F0)), the Ca
2-saturated brightness, and the Ca
2
affinity. We characterized 12 new GCaMP5s in vitro and in vivo
under a wide variety of conditions. Each sensor has improved
properties relative to the parent sensor GCaMP3. The ideal
GCaMP5 indicator for a given study can be selected from this set
according to particular experimental requirements.
MaterialsandMethods
Mutagenesis. Site-directed mutagenesis of GCaMP3 was carried out us-
ingthemethodofKunkel(1991)ortheQuikChangemethodology(Agi-
lent Technologies). Single-stranded uracil-containing DNA template of
pRSET-GCaMP3 for Kunkel mutagenesis was produced according to
established protocols. Mutants were confirmed by DNA sequencing.
Animal use: All experiments were conducted according to protocols
approved by the Institutional Animal Care & Use and Institutional Bio-
safety Committees of the Howard Hughes Medical Institute, Janelia
Farm Research Campus, and of the corresponding committees at the
other institutions.
Escherichia coli lysate screen. Libraries were generated using primers
containing degenerate codons (NNS) following the site-directed mu-
tagenesis protocols described above and transformed into E. coli XL1-
Blue (Stratagene/Agilent). The following day, colonies were scraped off
plates,combined,andtheplasmidlibrarywasisolatedwithQiagenMini-
prep kits, following the procedures provided, eluting in 100 l water.
One microliter of the library was subsequently transformed into E. coli
BL21 (DE3) (EMD4 Biosciences), plated on 244  244 mm square LB-
agarplatescontaining100g/mlampicillin,andgrownfor20hat30°C.
Colonies were selected using a colony picker (QPix2
XT; Genetix) and
grown in 800 l ZYM-5052 medium (Studier, 2005) containing 100
g/ml ampicillin in 96 deep-well blocks for 48 h at 30°C, shaking vigor-
ously at 700 rpm. Two microliters was taken from each well and mixed
into a fresh deep-well block containing 800 l LB medium  100 g/ml
ampicillin, grown overnight at 37°C, pelleted, and stored at 4°C for se-
quence analysis. The E. coli BL21 (DE3) cultures in the deep-well blocks
containing the overexpressed mutants were pelleted by centrifugation
(4000  g, 20 min, 4°C), frozen, thawed, resuspended in lysis buffer (20
mM TRIS, pH 8.0, 100 mM NaCl, 1 mg/ml lysozyme, 1.5 Kunitz units/ml
DNAseI from Qiagen) and subsequently incubated at 30°C for 2–4 h,
shaking.Lysateswereclarifiedbycentrifugation(4000g,30min,4°C),
and 100 l was taken from each well into Greiner Bio-One black 96-well
fluorescence plates (Greiner) in duplicate. To one plate 1 l 100 mM
CaCl2 was added (final Ca
2 concentration 1m M), to the other 1 l
100mMEGTA,pH7.4.FluorescencewasmeasuredinaTecanSapphire
2
Spectrophotometer(Tecan),at485nmexcitationand510nmemission,
5 nm slits, gain  90 V.
Protein expression and purification. Cloning, expression in E. coli, and
purificationwasperformedessentiallyasbefore(Akerboometal.,2009).
Briefly, for expression in BL21 (DE3), pRSETa-GCaMP variants were
transformed to BL21 (DE3), and single colonies were grown for3di n
ZYM-5052 media (Studier, 2005) at 25°C, after which cells were pelleted
bycentrifugation.Cellswerelysedbyresuspendingthemin4w/vlysis
buffer 2 (20 mM TRIS.HCl, pH 8.0, 100 mM NaCl), followed by a freeze–
thaw cycle and subsequent cell rupture by passing the cell suspension
three times through a precooled (4°C) Avestin Emulsiflex-C5 (Avestin)
and finally a 15 s sonication step at 30 mW amplitude on ice (Fisher
Dismembrator Model 100 equipped with 3 mm tip). Lysate was clarified
by centrifugation (30,000  g, 4°C, 45 min.), and cell-free extract was
incubated on a rotary incubator with 5% (v/v) Profinity IMAC Ni-NTA
resin (Bio-Rad) at 4°C for 4–16 h. Resin was allowed to settle in 20 ml
disposablecolumns(Bio-Rad),andwaswashedwith20mllysisbuffer2,
followed by 10 ml wash buffer (20 mM TRIS.HCl, pH 8.0, 100 mM NaCl,
10 mM imidazole). Proteins were eluted into elution buffer (20 mM
TRIS.HCl, pH 8.0, 100 mM NaCl, 300 mM imidazole) and subsequently
dialyzedextensivelyintolysisbuffer2usingSpectra/Pormembranetub-
ing (Spectrum Laboratories), with a molecular weight cutoff (MWCO)
of 10,000 Da, at 4°C. Concentration and purity was determined using
Agilent Protein 230 chips on an Agilent 2100 Bioanalyzer (Agilent Tech-
nologies) as well as NuPAGE Novex BIS-TRIS SDS-PAGE gels (Invitro-
gen). Proteins were concentrated when necessary using Millipore
Centrifugal Filter Units of 10,000 Da MWCO (Millipore).
pH titrations. Five microliters purified GCaMP solution (100 M)
wasaddedto100lpremixed,pHtitrated,triple-buffer(10mMglycine,
10mMsodiumcitrate,10mMTRIS.HCl)containingeither3mMBAPTA
o r1m M CaCl2, in duplicate. Fluorescence was measured in 96-well
Greiner Bio-One transparent fluorescence plates in a Tecan Sapphire
2
Spectrophotometer(Tecan),at485nmexcitationand510nmemission,
5 nm slits, gain  90 V.
Excitation/emission spectroscopy. Five microliters purified GCaMP so-
lution (100 M) was added to 100 l of either zero-free calcium buffer
containingthefollowing(inmM):10EGTA,100KCl,and30MOPS,pH
7.2 or 39 M free calcium buffer containing the following (in mM): 10
CaEGTA, 100 KCl, and 30 MOPS, pH 7.2 (Invitrogen). Excitation spec-
tra were taken from 240 to 550 nm, emission was 600 nm. Emission
spectra were taken from 470 to 700 nm, excitation wavelength was 430
nm (gain  80 V, 5 nm slit widths). Spectra were normalized to the
calcium-saturatedexcitationandemissionmaxima,respectively.Forab-
sorbance measurements, 200 l protein was dialyzed into 20 mM
TRIS.HCl, pH 8.0, 100 mM NaCl, using Slide-a-Lyzer mini dialysis units
with a 2000 Da MWCO (Pierce). The absorbance of 100 l protein with
2lofeither100mMCaCl2or100mMEGTAaddedwasmeasuredfrom
240 to 700 nm, blanked against the chemically identical dialysis buffer
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normalized using the absorbance at 280 nm.
Calcium titrations. Calcium affinity assays were performed by mixing
different volumes of the zero-free calcium buffer containing the follow-
ing (in mM) 10 EGTA, 100 KCl, and 30 MOPS, pH 7.2 and 39 M free-
calciumbuffercontainingthefollowing(inmM):10CaEGTAin100KCl,
and 30 MOPS, pH 7.2 from the calcium calibration buffer kit (Invitro-
gen) according to the manufacturer’s instructions. Measurements were
performed by mixing 3 l purified GCaMP (100 M) with 100 lo f
differentratiosofzero-freecalciumbufferand39Mfree-calciumbuffer
(Invitrogen) in 96-well transparent Greiner Bio-One plates and measur-
ing the fluorescence at 485 nm excitation and 510 nm emission, 5 nm
slits, gain  90 V in duplicate as described earlier.
GCaMP photophysics. Photophysical properties for GCaMP2,
GCaMP3, and the GCaMP5 variants A, D, and G were investigated in
buffersolutionsinthepresenceorabsenceoffreeCa
2.Absorptionand
emission properties, including quantum yield, were determined using a
UV/VIS spectrometer (Lambda 35; PerkinElmer) and a fluorescence
spectrometer(LS-55;PerkinElmer).Two-photon-excitedproperties,in-
cluding fluorescence excitation spectra, two-photon cross section, fluo-
rescence decay time, and emission spectroscopy, were conducted with
laser pulses from an 80 MHz Ti:Sapphire laser (Chameleon Ultra II;
Coherent). In all cases, near-IR laser pulses were focused into a solution
containing the GCaMP proteins via a 60, 1.2 NA water-immersion
objective of an inverted epifluorescence microscope (IX81; Olympus),
slightlyoverfillingtheobjectivebackaperture.Fluorescencegeneratedby
two-photon excitation was collected by the same 60 objective used to
excite the proteins, and after passing through a shortpass filter (FF01–
720SP; Semrock) and a bandpass filter (FF01–550/88; Semrock), was
directed to the input face of a fiber-coupled avalanche photodiode
(APD). Two different APDs were used, one optimized for speed for
lifetime measurements (model PDF CCTB; Micro Photon Devices), and
one optimized for low noise for fluorescence correlation spectroscopy
(FCS) and spectral measurements (SPCM-AQRH-14-FC; PerkinElmer)
coupled to a 100 m core multimode fiber (AFS105/125Y; Thorlabs).
Output pulses generated by the fast-timing APD were fed to a TCSPC
board (TimeHarp200; Picoquant). Output pulses from the low-noise
APD were fed to an external autocorrelator (Flex03LQ-01; www.
correlator.com) for spectra and FCS measurements. Emission spectra
wererecordedfromanadditionalmicroscopeportusingafiber-coupled
0.3 m spectrograph/CCD (model SP2358 with Pixis 256 CCD camera;
Princeton Instruments).
Control of the amount of laser power delivered to the sample in the
focal plane of the microscope was accomplished by rotating the linear
polarization of the laser output using an achromatic 1⁄2-wave plate
(AHWP05M-980; Thorlabs), mounted in a computer-controlled rota-
tion stage, followed by passing this beam through an angle-fixed Glan-
Laser polarizer (GL10-B; Thorlabs). We calibrated the system before
measurements, where for each laser wavelength (in 10 nm increments),
the laser power at the focus of the microscope objective was measured
whilethe 1⁄2-waveplatewasangleadjusted,calibratingateachwavelength
a specific power at the focus with a specific orientation of the wave plate.
Laser wavelength and power adjustments, as well as data acquisition,
were run under computer control. Data analysis was performed using
Origin 8.0 software (OriginLab), and FCS fits were performed using a
custom software package (V. Iyer, unpublished).
Samples were prepared by dilution from stock solutions of purified
proteins into buffers, at either pH 7.25 or pH 9.5, to characterize the
fluorescencepropertiesunderphysiologicalpHandatelevatedpHwhere
most of the protein chromophores are in the deprotonated form in the
presenceofCa
2.ThepH7.25buffers(30mMMOPS,100mMKCl)were
either purchased as part of a Ca
2-calibration kit (C-3008MP; Invitro-
gen), that contains either 10 mM K2EGTA or 10 mM CaEGTA, or pre-
pared from MOPS and KCl stock solutions (Mediatech) and contain
either 1 mM CaCl2 or 0.5 mM EGTA or 1 mM BAPTA. The pH 9.5 buffer
(30mMCHES,100mMKCl)waspreparedfromstockchemicalsandwas
supplemented with either 1 mM CaCl2 or 0.5 mM EGTA. For measure-
ments using very low amounts of protein (below 200 nM) such as FCS
measurements and one-photon fluorescence measurements, we added
0.1mg/mlbovineserumalbumin(BSA)asablockingagenttothebuffer
solutions to prevent loss of proteins from solution to the nearby glass or
coverslip surfaces via adsorption over the course of the measurements;
this eliminated any decrease in fluorescence signal over the course of the
measurements.
Protein concentration determination for biophysical analysis. The con-
centration of chromophore-forming proteins was determined by two
methods: alkali-denaturation (Ward, 2005), and two-photon-excited
FCS. For both methods, absorption spectra of either enhanced GFP
(EGFP) or GCaMP protein solutions were taken in the UV/VIS spec-
trometer at either pH 7.25 or pH 9.5. In the second method using FCS,
GCaMP stock solutions were diluted several thousand fold into pH 9.5
buffer (30 mM CHES, 100 mM KCl) containing 1 mM CaCl2, and excited
at 960 nm in a fluorescence microscope over a range of laser powers. At
each laser power, the mean fluorescence rate F and its fluctuations
were recorded for 50–200 s, and the autocorrelation G() of the fluores-
cence signal was computed. A fit to the autocorrelation function G(),
based on a diffusion model, determines the diffusion coefficient of the
proteins,andthemeannumberoffluorophoresintheexcitationvolume,
givenbyN1/G(30)(Schwilleetal.,1999).Thismeasurementis
repeated for a sample containing EGFP at known concentration (deter-
mined by alkali denaturation) and dilution in pH 9.5 buffer, providing a
referencebetweenaknownconcentrationandanumberoffluorophores
in the excitation volume.
Quantum yield. Quantum yield (QY) was determined for the fluores-
cent proteins in both pH 7.25 and 9.5 buffer in the presence of 1 mM
CaCl2 using standard methods that measure the optical absorption and
total fluorescence yield of samples at a fixed wavelength for both sample
and a standard fluorescein with a QY of 0.93 in aqueous 0.1 N NaOH
(Magdeetal.,2002)withapproximatelythesameemissionspectrumand
emission peak.
Fluorescence decay and lifetime. The fluorescence lifetime was mea-
sured by time-correlated single-photon counting (TCSPC) using
two-photon excitation at 960 nm in a fluorescence microscope setup,
where detector pulses from the fast-timing APD and trigger signals
from a PIN diode monitoring the laser pulse train were fed to the
TCSPC board. To achieve improved performance, a pulse-picker
(Model 350–160; Conoptics) was inserted in the beam to reduce the
laserpulsefrequencyfrom80to20MHz.Thefluorescencelifetimeof
GCaMP samples was determined in either pH 9.5 buffer supple-
mented with CaCl2 or EGTA as described earlier, or pH 7.25 buffer
(Invitrogen buffer with either 10 mM CaEGTA or 10 mM EGTA). The
lifetime reference for the system was fluorescein (e
1 lifetime  
4.1 	 0.1 ns); in our setup the fluorescein decay was well fit to a
single-exponential decay (4.0 ns, 
2  1.08). Measured fluorescent
decays were fit to a single-exponential decay curve, or to a two-
exponential decay, which improved the goodness-of-fit.
Two-photon excitation spectra. Two-photon excitation spectra and
F/FweremeasuredfortheGCaMPsinthepresenceandabsenceoffree
calcium at pH 7.25 and 9.5, respectively, as described above, at 1 M
proteinconcentration.Two-photonspectraaretakenwithconstantlaser
power delivered to the sample, although due to a wavelength-dependent
pulse width of the femtosecond pulses, and changes in focal spot size
(focused beam diameter scales as the excitation wavelength), the laser
intensityvariesgraduallyacrossthespectrum.Wedonotcorrectforthis
variation in intensity. Together with each run of GCaMP samples, a
reference two-photon excitation spectrum of fluorescein was recorded,
allowing us to determine the absolute two-photon cross section of the
GCaMPsusingpublishedcrosssectionsmeasuredforthesefluorophores
(Xu and Webb, 1996; Drobizhev et al., 2011).
Peak brightness per molecule. Fluorophores can be characterized by
their specific brightness under two-photon excitation, measured in
counts per second per molecule, at a specific laser intensity and wave-
length. This is the average fluorescence rate detected per fluorescent
molecule,andismeasuredusingtwo-photon-excitedFCS.Thisquantity
reaches a maximum or peak value as the laser intensity is increased,
beyond which the fluorescence rate per molecule decreases with higher
intensity,duetophotobleachingofthefluorophoresinthevolumeofthe
focused laser beam. While the peak brightness will strongly depend on
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can be used as a quantitative measure in comparing the photostability of
different fluorophores.
Todeterminethepeakbrightness,GCaMPsweredilutedtonominally
50 nM in pH 9.5 buffer containing either 1 mM CaCl2 or 0.5 mM EGTA.
Solutions also contained 0.1 mg/ml BSA to prevent adsorption of fluo-
rophorestothenearbycoverslipsurface.Asacontrol,EGFPat50nMwas
prepared and measured in the same buffer, without CaCl2 or EGTA.
Measurements were taken for a series of laser powers (with power mea-
sured in the focal plane) at 940 nm, where fluorescence time course data
was acquired for 50–200 s at each laser intensity. For FCS, we used the
low-noiseAPD.TheoutputoftheAPDwasfedtoanautocorrelatorand
associated software to generate two quantities: the time-average fluores-
cence rate F and the measured autocorrelation G() of the fluores-
cencedata.FCStheoryequatesthequantity1/G(0)toN,theaverage
number of emitting molecules in the excitation volume. By acquiring
F and G(t) simultaneously for each protein over a range of laser
intensities, and fitting G(0) to determine N, we can define the two-
photonbrightnessateachintensityasF/N,theeffectivedetected
fluorescence rate per emitting molecule at each intensity. This quantity
has a maximum value or peak brightness, since as the intensity is raised,
saturation and photobleaching begin to diminish the fluorescence rate.
IntensitydependenceofF/Fundertwo-photonexcitation.Withoutus-
ingFCS,GCaMPscanbecharacterizedbythepowerdependenceoftheir
(F/F)max. For these measurements, GCaMPs were diluted to 0.5 M in
pH 7.25 buffer 	 Ca
2 and fluorescence recorded for laser excitation at
940 nm under increasing power over the range of 0.5 mW–70 mW.
Human embryonic kidney cell assay. For expression in human embry-
onickidney(HEK)293cells,DNAwasPCRamplifiedfromthepRSETa-
GCaMPconstruct,purified,anddigestedwithBglIIandNotI(NEB),and
ligated into digested pEGFP-N1 (Takara-Bio), which had been digested
withBglIIandNotItoremoveEGFP,resultinginpCMV-GCaMPs.Suc-
cessful clones, with the EGFP gene replaced with the gene coding for
GCaMP, were confirmed by sequence analysis, and plasmids were pre-
pared using the endo-free plasmid Maxi kit (Qiagen). Equal amounts of
plasmid for each GCaMP5 variant were transfected into HEK293 cells
using the 96-well Nucleofector protocol in Amaxa plates (Lonzo), with
eachvariantin16wellsforeightduplicatemeasurements.Cellsweregrown
andincubatedat37°Cfor2d,afterwhichgrowthmediumwasaspiratedand
replaced with 100 l prewarmed (37°C) cell buffer (1 TBS, 2 mM CaCl2).
Whole-well fluorescence response traces evoked by addition of 100 l ace-
tylcholine in cell buffer (dilution series 10
210
10 M) were recorded by
the liquid handling 96-well Hamamatsu FDSS.
Adeno-associated virus production. For cloning in pAAV, DNA was
PCR amplified from pCMV-GCaMP clones, purified and digested
with BamHI and HindIII (NEB), gel-purified, and ligated into predi-
gested pAAV-humanSynapsin-1 vector. Ligations were transformed
into E. coli Stbl2 (Invitrogen) and plates were incubated for2da t
30°C. Insertions were verified by DNA sequencing. Virus was pro-
duced by standard protocols.
Construct availability: constructs and AAV viruses for GCaMP5G
areavailablefromAddGene(http://www.addgene.org)ortheUniver-
sity of Pennsylvania Vector Core (http://www.med.upenn.edu/gtp/
vector_core.shtml), respectively. The Janelia Farm GECI Project
website(http://www.janelia.org/team-project/geci-project)hasaddi-
tional information about construct characterization and availability.
Crystal structure determination. GCaMP proteins were expressed in E.
coli BL21 (DE3) using the pRSETa plasmid and purified by immobilized
metal ion affinity and size exclusion chromatography as described (Ro-
dríguez Guilbe et al., 2008; Akerboom et al., 2009). Proteins were con-
centrated to 5–10 mg/ml for crystallization as described earlier.
Crystallization was carried out at room temperature by sitting-drop va-
por diffusion using commercially available sparse-matrix screens
(Hampton Research) by mixing 1.2 l of protein solution with 1.2 lo f
precipitant in 96-well plates. Crystals were cryoprotected before x-ray
data collection. X-ray data were reduced using Mosflm (Leslie, 1992)/
Scala(CollaborativeComputationalProject,Number4,1994)orD*Trek
(Pflugrath, 1999) (see Table 2). Each structure was solved by molecular
replacement using Phaser (McCoy et al., 2007), or simple rigid body
refinement starting from previously published GCaMP structures using
the CCP4 package (Collaborative Computational Project, Number 4,
1994). Iterative cycles of model building in Coot (Emsley and Cowtan,
2004) and refinement in Refmac/CCP4 (Collaborative Computational
Project, Number 4, 1994) led to the final models described in Table 2.
Protein structures have been deposited in the Protein Data Bank (http://
www.rcsb.org); accession codes are shown in Table 2.
Sizeexclusionchromatography.Tochecktheextentofinvitrodimeriza-
tionofGCaMP5A,GCaMP5B,andGCaMP5GcomparedwithGCaMP2
andGCaMP3,analiquotofeachpurifiedmutantwasadjustedto150M
in lysis buffer 2, after which EGTA was added to 1 mM final concentra-
tion.Thismixturewasallowedtoequilibrateatroomtemperaturefor30
min, after which CaCl2 was added to 2.5 mM final concentration. Ali-
quots (100 l) of each GCaMP were then injected onto a Superdex 200
10/300 GL column (GE Healthcare) with 20 mM Tris, pH 8.0, 100 mM
NaCl, and 2 mM CaCl2 as the running buffer, and protein was eluted at a
flow rate of 0.5 ml/min.
Hippocampal neuronal culture imaging. Primary cultures of hippocampal
neurons were obtained from P0 rat pups by dissection, papain-based disso-
ciation, and plating onto Matrigel-coated (BD Biosciences), 24-well glass-
bottom plates (MatTek) and then cultured in DMEM/B27 medium
(Invitrogen).SIV-basedlentiviralvectorscontaininghsyn1-GCaMPvariant-
IRES-nls-mCherry-WPRE-SV40 polyadenylation signal (hsyn1: human
synapsin-1 promoter) constructs were produced through quadruple trans-
fectionofHEK293Tcellsin10cmplates.Harvestedlentiviralparticleswere
used to infect hippocampal neuronal cultures on the third day in vitro for
16 h, and medium was replaced with DMEM/B27/4 M AraC (Invitrogen
andSigma).Onday16–18invitro,infectedneuronswerestimulatedusinga
custom-built, 24-well multiplexed field stimulator with platinum wires and
imaged using an Olympus IX81 motorized, inverted microscope (10 ob-
jective, 0.4 NA, Chroma ET-GFP or ET-TxRed filter sets) Prior Scientific
H117ProScanIImotorizedstage;CairnResearchopticalfeedbackOptoLED
illumination system; and an EMCCD camera (Andor iXon 897, 34.8
frames per second). Field stimuli were delivered at 40 V, 83 Hz, 1 ms pulses
for the following trains: 1, 2, 3, 5, 10, 20, 40, 80, and 160 field stimuli. The
whole system was automated using MetaMorph (MM; Molecular Devices)
and MATLAB (MathWorks) software. Imaging buffer included the follow-
ing (in mM): 145 NaCl, 2.5 KCl, 10 glucose, 10 HEPES, pH 7.4, 2 CaCl2,1
MgCl2,0.013-(2-carboxypiperazin-4-yl)-propyl-1-phosphonicacid(Tocris
Bioscience), 0.01 6-cyano-7-nitroquinoxaline-2,3-dione (Tocris Biosci-
ence),0.01gabazine(TocrisBioscience),and1-methyl-4-carboxyphenyl-
glycine (Tocris Bioscience). Images were processed and analyzed using
custom software.
Astrocyte imaging. Methods were identical to those described previ-
ously(Shigetomietal.,2010b).Briefly,weusedanOlympusIX71micro-
scope equipped with an IXON DV887DCS EMCCD camera (Andor),
epifluorescence condenser, control unit, and Polychrome V monochro-
mator(TILLPhotonics).Thecontrolofexcitationandimageacquisition
wasachievedusingTILLVisionsoftware.WeusedanOlympus601.45
NA objective lens. Images were typically taken every 1 s. Exposure time
and pixel binning were optimized to visualize fluorescence signals for
eachexperiment(maximumbinningwas44).Cultureswereperfused
with recording buffer containing the following (in mM): 110 NaCl, 5.4
KCl, 1.8 CaCl2, 0.8 MgCl2,1 0D-glucose, and 10 HEPES at pH 7.4 (ad-
justed with NaOH).
For imaging astrocyte activity in neuron/astrocyte cocultures, Lck-
GCaMP3andLck-GCaMP5GweresubclonedintoanAAVvectordriven
by the astrocyte-specific GFAP promoter(Brenner et al., 1994). Neuron-
astrocyte coculture was infected at day 3 in vitro and cells were imaged
10 d postinfection.
Mouse retina in vitro imaging. Methods were identical to Borghuis et
al. (2011).
Caenorhabditis elegans imaging. The same experimental protocol was
used as in previous GCaMP experiments (Tian et al., 2009). All recordings
arefromtheAWC
onsensoryneuron.After10sofobservation,odor([IAA]
was10
4v/v)wasaddedandanimalsimagedfor50s.Odorwasdeliveredfor
5min;duringthelast10sofodoraddition,andfor50safterodorremoval,
animals were imaged to observe the neuron’s response to odor removal
(which activates the AWC
on neuron).
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rays can show considerable animal-to-animal variation, complicating
analysis of imaging results. To linearize the imaging measurements and
improve comparisons across different expression levels, we first selected
AWC pixels whose intensity exceeded nonfluorescent background, then
calculated average pixel intensity.
Drosophila larval neuromuscular junction preparation. To allow imag-
ing access to transgenic presynaptic neuromuscular junction (NMJ)
boutons that expressed variants of GCaMP3, third instar Drosophila lar-
vae were dissected using methods similar to those described previously
(Jan and Jan, 1976). Genetic constructs were prepared in the pJFRC7–
20XUAS-IVS vector (Pfeiffer et al., 2010) and inserted in the VK00005
site(Venkenetal.,2006)toallowexpressioninmotorneuronsusingthe
OK6-Gal4 driver (Aberle et al., 2002). The combination of OK6-Gal4,
VK00005, and pJFRC7–20XUAS-IVS provided good labeling of Type 1b
and 1s, but not type II boutons in heterozygous animals (/yellow
1
white
1118; /OK6-Gal4; /UAS-GCaMPxx). Actively wandering larvae
weredissectedinice-coldSchneider’sinsectmedium(Sigma),pHshifted
to 7.2 using NaOH. A 35 mm Petri dish previously one-third filled with
Sylgard (Dow Corning), was used to pin down the cuticle and body wall
muscles.Utmostcarewastakenduringdissectiontoreducethepotential
for muscle movement during imaging (ensuring central longitudinal
muscleswerenotcontactedwithinstrumentsatanytime,cuticlestretch-
ing was sufficient to keep the preparation in place but not so much to
causespontaneouscalciumrelease,choosingpininsertionlocationsthat
minimized potential damage to imaging region). Imaging commenced
within15minofthesegmentalnervesbeingcutclosetotheventralnerve
cord. Before imaging, the Schneider’s insect medium was replaced with
HL6(Macleodetal.,2002)supplementedwith2mMCa
2,anosmolarity
of 340 	 10 mOsm, pH of 7.2 	 0.05, and 7 mML -glutamic acid
addedtoreducemusclemovement(Macleodetal.,2004).Duringimag-
ing, pH and temperature were monitored, with pH values ranging from
7.4–7.6 (start to end) while temperature stayed relatively constant
(22 	 0.5°C).
Drosophila larval NMJ stimulation parameters. Cut segmental nerves
were drawn by suction into a heat-polished glass pipette, 12 m inter-
naldiameter(Macleodetal.,2002),whichwasconnectedtoanISO-Flex
stimulator(A.M.P.I.)todeliversuprathresholdelectricalpulses(2.9V,
5 mA). After3so fbaseline, each stimulus was2si nduration with
individual300simpulsesdeliveredatafrequencyof1,5,10,20,40,80,
and 160 Hz. The interstimulus interval was 20 s and each stimulus
frequency was repeated five times, with a pause of 35 s, before moving
to a higher stimulus frequency. The stimulus order was kept constant as
higher frequency stimuli were potentially deleterious and outside the
normal range of firing frequencies (Chouhan et al., 2010).
Drosophila larval NMJ acquisition hardware and software. Wide-field
Ca
2 imaging was performed on an upright Olympus BX61-WI micro-
scope using a 40 water-immersion objective (0.8 NA), a 2 lens ex-
tender (EX2C; Computar), and an Andor EMCCD camera (Model
DU897 BV, 512  512 pixels, 30 FPS, 100 EMgain, 5.2 pregain,
70°C, 32.9 ms exposure; Andor Technology) with 7% illumination
fromaDCpoweredX-CITEexactelightsource(LumenDynamics).The
fluorescence filter set used was BrightLine 3035B (472/30, 495, 520/35;
Semrock Rochester). The imaging system was controlled by custom-
written journals in MM (version 7.7.5; Molecular Devices) while the
stimulation and image timing was controlled (as a slave) by MATLAB
(MathWorks) using a USB-6343, X Series DAQ (National Instruments)
and custom-written software, Ephus (Suter et al., 2010).
Fields of view (FOVs) were exclusively from Muscle 13 due to its high
native firing rate (Chouhan et al., 2010), using predominantly segment
A4; however, segments A3 and A5 were used when four boutons (not
including the tip bouton) were not simultaneously in focus or present.
The left and right sides of the animal were taken as separate samples to
increase throughput of data collection, with the second imaging session
20minafterthefirst.OnceeachFOVwasselectedandthecorrespond-
ing nerve drawn into the glass pipette and connected to the stimulator,
the MM controlled data acquisition.
An image-based auto-focusing routine (Adjust Focus) was used to
find the optimal focus position using the Brenner algorithm based on
nearest-neighbor pixel values (Brenner et al., 1976). MM was config-
ured to start the camera trigger and simultaneously start the stimulus
timer in Ephus via a USB X Series DAQ. Using a Uniblitz shutter
(ModelVS25S1ZM1R3–24;VincentAssociates)setintothelightpath
and controlled by either MM or Ephus, 11 dark frames were collected
(shutter closed) first, followed by 394 frames with an open shutter.
Theimage-basedauto-focusingroutinewasrepeatedbetweeneachof
the five replicate trials for each stimulus frequency acquired, to ac-
count for any small movements in the z-axis.
Alongwiththeimagedata,wecollectedanalogsignalsforthetemperature
andpHofthebath,thecurrent,andthevoltageofthestimulusandtheframe
signals from the camera. Continuously monitoring temperature and pH
enabled constant conditions across experiments for different calcium indi-
cators. Recording the current, voltage and frame signals at 10 kHz enabled
precise calculation of the timing of the calcium response.
Drosophila larval NMJ image analysis. MATLAB was used for all
analysis. We performed background subtraction before calculating
fractionalchangesinfluorescencefrombaselinevalues(F/F0).Dur-
ing the 15 min FOV acquisitions, we infrequently observed either
slow XY drifts in the muscle position or actual muscle contractions,
normally in neighboring muscles. This was despite 7 mML -glutamic
acid being present, which normally prevented muscle movement in
acquisitionsof3min(Macleodetal.,2004).Intherarecasesthatwe
observed noticeable changes in Z-position (1:1000 trials), which were
detected by changes in baseline fluorescence (F0), we discarded the data
fromtheentireFOV.InordernottodiscardFOVsduetoXYmovement,
we developed a custom MATLAB analysis routine that accounted for
image movement between images in a stack (one stimulus, using cross-
correlation;Guizar-Sicairosetal.,2008)andalsobetweentrials,byinde-
pendently tracking each segmented region of interest (ROI) centroid,
and moving the ROIs based on the centroid movement between trials.
WeonlyincludeddatafromeachFOViftheF/F0continuallyincreased
with increasing stimulation and peaked at 80 Hz, as previously observed
from intracellular recordings (Chouhan et al., 2010). When this was not
observed, presumably due to muscle damage or overstretching during
the dissection, the data from the entire FOV was discarded.
For each GCaMP construct, 10 FOV that met the quality control pa-
rameters described above were used. These FOV were collected from
seven animals (i.e., more than one FOV collected from one animal). To
describe the performance of an indicator, boutons within an FOV were
averaged, replicate trials of a stimulus frequency were averaged, and the
10 FOV were averaged.
Preparation and odor delivery for adult Drosophila experiments. Flies
wererearedonstandardcornmealagarmedium.WeusedtheGal4/UAS
system(Brandetal.,1994)todirecttheexpressionofthecalciumsensors
to projection neurons (PNs). GH146-Gal4 flies were a gift from L. Luo
(Stanford University, Stanford, CA). All animals were adult females, 3–5
d after eclosion. Adult flies were dissected using previously described
methods(JayaramanandLaurent,2007).Flieswereanesthetizedinavial
on ice until movement stopped (15 s) and then gently inserted into a
holeinapieceofaluminumfoil.Smalldropsofwax(55°C)wereusedto
suspend the fly in the hole, with the edge of foil defining a horizontal
plane around the head and thorax, from the first antennal segment an-
teriorlytothescutellumposteriorly.Thedorsalsideofthefoilwasbathed
insaline,whiletheventralside(includingantennaeandmaxillarypalps)
remained dry and accessible to odors. A window was cut in the dorsal
head cuticle between the eyes, extending from the ocelli to the first an-
tennal segment. Fat and air sacs dorsal and anterior to the brain were
removed, but the perineural sheath was left intact. The proboscis was
affixed with a small drop of wax to a strand of human hair to limit brain
movement. Spontaneous leg movements were typically observed in this
preparation for the duration of the recording (2–3 h). The saline com-
position used in all olfactory experiments contained the following (in
mM):103NaCl,3KCl,5N-tris(hydroxymethyl)methyl-2-aminoethane-
sulfonic acid, 10 trehalose, 10 glucose, 26 NaHCO3, 1 NaH2PO4, 2.0
CaCl2, and 4 MgCl2, adjusted to 275 mOsm, pH 7.4.
Odors (different concentrations of octanol) were delivered using a
custom-made odor-delivery system designed by Dmitry Rinberg, and a
Teflonnozzle(entrydiameter1/8”)directedtowardtheantennae.Odors
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oil alone, 0.001, 0.01, 0.1, 1.0, and 10%) in a constant stream of air (1
L/min) with an additional 10% dilution in air. For each concentration,
five replicate deliveries were performed and the data averaged. Odor
delivery times were measured using a mini-PID (Aurora Scientific).
Odors were presented for 1 s. All comparisons of sensor performance
were made using experiments with identical odor presentation times.
The results reported are based on data obtained from five GCaMP3-
expressing flies (six antennal lobes; ALs) and five GCaMP5-expressing
flies (six ALs).
Figure1. DesignofGCaMP5s.A,SchematicoftheGCaMP3structurewithsitesofengineeringshown.B,StructuraleffectsoftheD381Ymutation(D380YinGCaMP3numbering).Chromophore
environmentatthecpGFP/CaMinterfaceinGCaMP2(top,PDB3EVR)(Akerboometal.,2009)andGCaMP5G(bottom,PDB3SG4)structurereportedhere.Structuresareshownasadiagramandsticks
coloredbydomain(cpGFP,green;linker,white;CaM,cyan).SelectedportionsofthemodelaroundtheGFPchromophore(CRO)arerepresentedasstickswithorderedwatermoleculesrepresented
asredspheres.C,(F/F)maxversusFapoforbothlinker1variantsofGCaMP3(left)andlinker2variantsofGCaMP3(right)inbacteriallysate.Left,ThegreensquaredenotesL1-Gln-Pro,theblue
squaredenotesL1-His-Pro.Right,LinkervariantsL2-Pro-Xaredepictedasredsquares,L2-X-Proasbluetriangles,andoriginalGCaMP3linkervariants(L2-Thr-Arg)asgreendots.D,One-photon
absorption(left),one-photonemission(middle),andtwo-photonexcitation(right)spectraofbothGCaMP3(top)andGCaMP5G(bottom).Calcium-freespectraaredepictedbydashedbluelinesand
calcium-saturatedspectrabysolidredlines.Dashedgreenlinesdepict(F/F)max,plottedontherightaxis.
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GCaMP
variant Mutations
a
Max.invitro
F/F
Fbase,Fmax
HEK
b
Ratio
(Fmax/Fbase)HEK
b
Baseline
brightnesscultured
neurons(%)
c
Ca
2affinity
(Kd)
pKa
(sat/apo)
Hill
coefficient kon
d
GCaMP2 — 5.1	0.1 ND ND ND 545	32nM 7.02	0.01/8.72	0.02 1.8	0.1 ND
GCaMP3 DeletionR2,M65K,T115V,N362D 12.3	0.4 1	0.03 2.9	0.1 100	1.6 405	9n M 6.97	0.01/8.40	0.02 2.1	0.1 8.3	1.5s
1
2.9	0.11 33	3s
1
GCaMP5A D380Y 17.4	1.2 0.95	0.07 3.8	00.02 57.3	1.0 307	12nM 6.77	0.02/8.70	0.04 2.7	0.1 ND
3.7	0.15
GCaMP5B L59H,E60P 23.8	3.4 0.48	0.02 3.9	0.2 35.2	0.8 ND ND ND ND
1.87	0.09
GCaMP5C L59Q,E60P 35.1	0.9 0.49	0.02 4.5	0.1 ND ND ND ND ND
2.2	0.08
GCaMP5D T302L,R303P 22.0	1.8 0.34	0.02 3.3	0.1 37.5	0.5 730	18nM 7.43	0.02/8.91	0.05 2.5	0.1 7.8	1.5s
1
1.1	0.3 75.3	2.6s
1
GCaMP5E L59H,E60P,T302L,R303P 40.9	2.2 0.19	0.01 10.8	0.3 30.1	0.4 ND ND ND ND
2.0	0.14
GCaMP5F L59Q,E60P,T302L,R303P 162 	3.5 0.17	0.03 7.1	0.3 ND ND ND ND ND
1.2	0.13
GCaMP5G T302L,R303P,D380Y 32.7	1.5 0.40	0.05 5.5	0.4 61.6	1.3 460	11nM 6.96	0.02/9.14	0.05 2.5	0.2 6.5	1.0s
1
2.1	0.11 58.1	1.1s
1
GCaMP5H L59Q,E60P,T302L,R303P,D380Y 158 	12 0.01	0.01 48.6	35.3 ND ND ND ND ND
0.44	0.02
GCaMP5I L59H,E60P,T302L,R303P,D380Y 42.0	3.1 0.03	0.02 28.9	19.2 39.7	6.5 ND ND ND ND
0.71	0.02
GCaMP5J L59H,E60P,D380Y ND ND ND 42.2	1.4 ND ND ND
GCaMP5K D380Y,R392G 9.4 	0.14 ND ND 197.2	7.3 189	5n M ND 3.8	0.3 ND
GCaMP5L A52V,T302L,R303P 17.7	0.3 ND ND ND 390	18nM ND ND ND
GCaMP2-LIA E61IA 31.2	0.8 ND ND ND ND ND ND ND
GCaMP3-KF L59K,E60F 9.2	0.4 ND ND ND ND ND ND ND
aGCaMP5salsocontainthemutationsR2deletion,M65K,T115V,andN362DlistedforGCaMP3.
bFbase,Fmax,andRatioarefromtheacetylcholineassay.
cValues	SEM,baselinebrightnessofGCaMP3setto100%.
dFirstvaluesaremeasuredatacalciumconcentrationof670nM,secondatacalciumconcentrationof8.52M.ND,notdetermined.
Table2.CrystallizationandstructuredeterminationofGCaMPvariants;x-raydatacollectionandrefinementstatistics
GCaMP2-T116V,D381Y GCaMP5A GCaMP5G GCaMP5H GCaMP2-LIA GCaMP3-KF
PDBID 3SG2 3SG3 3SG4 3SG5 3SG6 3SG7
Oligomericstate Monomer Monomer Monomer Dimer Dimer Monomer
Datacollection
Radiationsource APS31-ID APS31-ID APS31-ID APS31-ID Copperanode ALS8.20.2
Wavelength(Å) 0.9793 0.9793 0.9793 0.9793 1.5418 1.0000
Spacegroup P41212 P41212 P41212 C2 C2 P212121
Unitcelldimensions
a,b,c(Å) 119.6,119.6,96.9 120.4,120.4,98.0 120.2,120.2,97.4 128.6,46.0,67.4 129.0,47.5,68.7 57.4,61.5,124.0
,,(°) 90,90,90 90,90,90 90,90,90 90,100.2,90 90,99.7,90 90,90,90
Resolution(Å) 23.8–2.0(2.11–2.0) 20.0–2.1(2.21–2.1) 19.7–2.4(2.53–2.4) 20.0–1.9(2.0–1.9) 28.0–1.7(1.76–1.7) 50.0–1.9(1.97–1.9)
Rsym 0.088(0.574) 0.132(0.612) 0.138(0.670) 0.088(0.472) 0.070(0.468) 0.068(0.825)
I/I 20.8(4.3) 15.3(4.9) 14.7(3.7) 10.9(3.5) 15.9(1.6) 10.2(2.0)
Completeness(%) 99.9(100) 99.9(100) 99.8(100) 99.6(100) 93.9(73.9) 95.5(95.6)
Redundancy 13(11.4) 13.9(13.4) 13.7(9.3) 5.5(5.5) 6.5(2.1) 7.2(7.1)
Refinement
Resolution(Å) 2.00 2.10 2.40 1.90 1.70 1.90
Uniquereflections 45514 40352 26965 29184 40438 32056
Rwork/Rfree 0.173/0.207 0.165/0.199 0.172/0.213 0.180/0.225 0.203/0.249 0.184/0.230
No.atoms(B-factors(Å
2)) 3465(33.0) 3470(33.6) 3396(36.5) 3228(19.8) 3358(19.6) 3396(21.2)
Protein 3182(32.6) 3187(33.4) 3167(36.5) 3089(18.9) 3082(18.3) 3206(20.1)
Ligand/ion 4(27.5) 4(31.1) 4(33.5) 30(49.6) 4(30.4) 4(34.7)
Water 279(36.7) 279(35.9) 225(37.0) 109(34.5) 272(35.2) 186(39.6)
RMSDvalues
Bondlengths(Å) 0.027 0.028 0.024 0.022 0.025 0.024
Bongangles(°) 2.02 2.09 1.91 1.90 2.02 1.98
Ramachandranplot
Favored/outliers(%) 97.7/0.3 95.9/0.3 95.6/0.5 99.2/0 98.7/0 97.7/0.3
StructuresofGCaMPvariantshavebeendepositedintheProteinDataBank(http://www.pdb.org/).
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microscope using PrairieView software and an Olympus 40, 0.8 NA
LUMPlanFL/IR objective. A mode-locked Ti:Sapphire Chameleon Ultra
IIlaser(Coherent)tunedto920nmwasusedforexcitation.Fluorescence
was collected using photomultiplier tubes (Hamamatsu) after bandpass
filtering. Images were acquired in frame scan mode (20 Hz) for a single
plane of one AL. Fluorescence time series were then obtained by averag-
ing across the spatial extent of the glomerulus in the frame. In all cases
fluorescence changes were calculated relative to baseline fluorescence
levels as determined by averaging 2 s just before odor presentation.
In vivo imaging of visually evoked calcium transients in larval zebrafish
tectal neuropil. mitfa
/ (nacre) zebrafish larvae (Lister et al., 1999) ex-
pressing Gal4 under the control of the pan-neuronal elavl3/HuC pro-
moter (elavl3:Gal4) were injected at 1–8 cell embryonic stage with a
solutioncontaining0.04%phenolred,50ng/ltransposasemRNA,and
25 ng/l plasmid DNA with the coding sequence of GCaMP5A or
GCaMP5Gdownstreamof14upstreamactivationsequences(UASs)and
flanked by two Tol2 sequences for stable genomic integration. An elavl3:
Gal4, UAS:GCaMP3 stable line (Del Bene et al., 2010) was used for ex-
periments with GCaMP3.
Six days postfertilization (dpf) larvae were embedded in 2% low melting
point agarose and imaged at 7 dpf at 28°C. A custom-built two-photon
microscope equipped with a mode-locked Ti:Sapphire Chameleon UltraII
laser (Coherent) tuned to 920 nm and controlled by ScanImage v3.6 soft-
ware (Pologruto et al., 2003) was used for acquiring image time series at 17
Hz. Visual stimuli (moving vertical gray bars on black background) were
generated with Vision Egg software (Straw, 2008) and presented with an
800600pixelorganiclight-emittingdiode(OLED;eMagin)withagreen-
light filter to the left eye of the larvae. Imaging was performed in the right
(contralateral)tectalneuropil.Imagetimeserieswerex-ymotion-corrected
with a program written in MATLAB (Dombeck et al., 2007) and analyzed
with ImageJ.
In vivo two-photon imaging of visually evoked calcium transients in
larval zebrafish tectal somata. Five and 6 dpf AB/nacre larval zebrafish
expressing GCaMP2, GCaMP3, or GCaMP5G under the elavl3 pro-
moter were paralyzed by immersing them in 1 mg/ml solution of
bungarotoxin dissolved in E3 fish embryo water and were subse-
quently embedded in 2% low melting point agarose in a 35 mm Petri
dish. They were placed in a custom two-photon microscope and im-
aged using a Mai Tai HP Ti-Sapphire laser tuned to 950 nm. The
visual stimulus used for the experiment consisted of a light dot (0.5
mm  0.5 mm) projected, using an amber (590 nm) LED mounted into
a miniature LCOS projector, onto an opal glass screen directly under-
neaththelarvae.Stimuluslightwasfilteredwithanarrowbandpassfilter.
Each fish was run through one stimulus set with the laser off to detect
stimulus bleed-through, which was always negligible. The dot appeared
to the left or right of the larva and moved in a straight line at a speed of 3
mm/s until it disappeared on the opposite side. The larva was located in
the middle of the dot’s trajectory and positioned perpendicular to this
trajectory, with the point of closest approach of the dot being 0.5 mm
rostral to the larva.
The experimental protocol consisted of 1 min darkness, followed by a
presentation every 30 s of the moving dot, alternating between left to
right and right to left. There were 10 such presentations (5 in each direc-
tion). The experiment concluded with 1 min of darkness, and therefore
lasted 7 min in total. Individual frames were captured at 138.32 ms per
frame (7.23 Hz), using a quad-interlaced scan pattern that ensured that
each cell was sampled evenly at four times this frame rate.
Movies were assessed for x-y drift during the experiment (usually 1
pixel),andasubpixeltranslationcorrectionwasappliedusingMATLAB
software (David Heeger, New York University). Neuronal somata were
detected based on their dark nuclei. Mean images were smoothed with a
Gaussian, and local minima were detected. These were classified as cell
nuclei if the ratio of the brightness 3 pixels from the center was 3.5 
the brightness 1 pixel from the center, i.e., they look like a bright ring
aroundadarkcenter,andtheyweresufficientlybright(17,500photons
detected per experiment). Fluorescence was then averaged over a 7  7
pixel square. Baseline fluorescence (F) was defined as the average fluo-
rescenceinthe50framesimmediatelyprecedingeachleft-rightstimulus.
In vivo imaging of visually evoked calcium transients in larval zebrafish
retinalbipolarcellterminals.Allprocedureswerecarriedoutaccordingto
the UK Animals (Scientific Procedures) Act 1986 and approved by the
UKHomeOffice.Fishweremaintainedona14:10hlight/darkcycleata
temperature of 28°C and bred naturally. Transient expression of
GCaMP2orGCaMP5swasdrivenbyconstructscontainingtheRibeye-A
promoter(Dreostietal.,2009),whichtargetsribbonsynapsesofsensory
neurons.Constructsataconcentrationof0.084g/lwereinjectedinto
embryos at the 1–4 cell stage. To inhibit melanin formation, larvae were
kept in 200 M 1-phenyl-2-thiourea (Sigma) from 28 h postfertilization.
Imaging was carried out as described previously (Dreosti et al., 2009).
Briefly,wholezebrafishlarvae(9–11dpf)wereimmobilizedin2.5%low
melting point agarose on a glass coverslip. The temperature of the room
was2324°C.Bipolarcellterminalswereimagedinvivousingacustom-
built two-photon microscope equipped with a mode-locked Chameleon
titanium–sapphire laser tuned to 915 nm (Coherent) with an Olympus
LUMPlanFI 40 water-immersion objective (NA 0.8). Emitted fluores-
cence was captured through both the objective and a substage oil con-
denser, filtered through an HQ 520/60 nm 2P GFP emission filter
(Chroma Technology), and detected by a set of GaAsP photodiodes
(Hamamatsu). Scanning and image acquisition were controlled under
ScanImagev.3.6software(Pologrutoetal.,2003).Movieswereprocessed
using the SARFIA suite of analysis routines (Dorostkar et al., 2010) run-
ning in Igor Pro 7 (Wavemetrics). These routines begin with the auto-
matedextractionofthefluorescencechangeineachterminalbydefining
ROIs using a filtering algorithm based on a Laplacian transform.
Light stimuli were delivered using an amber LED (590 nm, Phillips
Luxeon, 350 mA, 3 V) filtered through a 600/10 nm BP filter (Thorlabs)
and projected through a light guide onto the surface of the bath, very
Table3.BiophysicalcharacterizationofGCaMPs

a(M
1cm
1) QY
b 
c(ns)
F/Fo
dpH7.25 QY*2
epH9.5(Ca
2)
Peakbrightness
f
(kcpsm)pH9.5(Ca
2)
pH7.25
(Ca
2)
pH9.5
(Ca
2)
pH7.25
(Ca
2)
pH9.5
(Ca
2)
pH7.25
(Ca
2)
pH7.25
(Ca
2)
pH9.5
(Ca
2)
pH9.5
(Ca
2)
EGFP 56,000 57,800 0.73 0.70 2.6 2.6 2.6 2.6 1 13.4
GCaMP2 38,100 54,800(60,600) 0.53 0.55 2.0 2.1 2.0 2.1 5.7	1.4 0.80 6.7
GCaMP3 37,700 56,300(66,500) 0.65 0.67 2.8 2.7 2.7 2.6 10.6	1.2 0.83 9.5
GCaMP5A 56,100 58,100(60,900) 0.65 0.62 2.7 2.8 2.6 2.7 17	4.2 0.89 9.9
GCaMP5D 25,300 48,100(58,300) 0.67 0.63 2.7 2.7 2.7 2.8 18	3.7 0.78 9.0
GCaMP5G 49,300 58,500(61,300) 0.67 0.67 2.7 2.8 2.7 2.7 31	9.4 0.96 9.3
aPeakextinctioncoefficientat497nm(485nmforGCaMP2,487nmforEGFP),basedonconcentrationdeterminedbyalkalidenaturation:0.1 MNaOH,44,000 M
1cm
1at447nm.Valuesinparenthesesarebasedonconcentration
measurementsobtainedbytwo-photonFCSatpH9.5.
bQuantumyield(QY)usingfluorescein(QY0.93)inpH11/H2Oasastandard.
cFluorescencelifetimeundertwo-photonexcitation(960nm,2mW),fittoasingle-exponentialdecay.
dCalcium-dependentcontrastF/FinpH7.25buffer,for940nmexcitation;SDcalculatedforeightormoremeasurements.
eTwo-photonactioncrosssection(QYtwo-photoncrosssection2permolecule)at940nmexcitation,relativetoEGFP,inpH9.5buffercontaining1mMCaCl2.
fPeakbrightnessperemittingfluorophore,inkilocountspersecondpermolecule(kcpsm),definedasthemaximumfluorescenceratedividedbythenumberofemittingfluorophoresintheexcitationbeamvolumeasdeterminedfromFCS
measurements,asthelaserpowerisscannedfrom1–80mWatanexcitationwavelengthof940nm.
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Prov.4.01(WaveMetrics)andtimelockedtoimageacquisitionthrough
ScanImage. The mean intensity of light stimuli was 2  10
5 photons/
m
2/s, which corresponds to a low photoptic intensity.
Mouse preparation for in vivo imaging. Mice were anesthetized using
isoflurane (3% for induction, 1.5–2% during surgery). A circular crani-
otomy(2–3mmdiameter)wasplacedaboveV1(centered2.7mmlateral
from lambda suture). Oregon Green BAPTA-1 (OGB-1)-AM (Invitro-
gen)wasinjectedaspreviouslydescribed(Stosieketal.,2003;Komiyama
etal.,2010;Zariwalaetal.,2011).Acustomtitaniumheadpostwasfixed
to the skull using black dental cement (Contemporary Ortho-Jet). The
craniotomy was covered with agarose (1.2–1.5%) and a round glass cov-
erslip (Warner Instrument, 5 mm diameter, #1 thickness) was cemented
to the skull to reduce motion of the exposed brain. For cell-attached
recording, the exposed brain was covered with 1 mm thick agarose
without a coverslip. The animal was then transferred to the imaging setup,
where it was placed on a warm blanket (37°C) and kept anesthetized using
0.5%isofluraneandsedatedwithchlorprothixene(20–40lat0.33mg/ml,
i.m.) (Niell and Stryker, 2008).
In vivo mouse imaging and electrophysiology. Imaging was performed
with a custom-built two-photon microscope (designs available
at http://research.janelia.org/Svoboda/). The light source was a Mai Tai
80 femtosecond pulsed laser (Spectra-Physics) running at 900 nm for
GCaMPsand800nmforOGB-1.Theobjective
w a sa4 0  dipping lens (Olympus, 40, 0.8
NA). Image acquisition was performed using
ScanImage 3.7 (http://www.scanimage.org)
(Pologruto et al., 2003). Images (512  250
pixels, 250  250 m) were collected at 4 Hz.
In vivo cell-attached recording was per-
formed using glass pipettes (5–7 M
) filled
with solution containing the following (in
mM):125NaCl,5KCl,10glucose,10HEPES,2
CaCl2,2MgSO4,and0.1AlexaFluor594).Sig-
nals were amplified using an AxoPatch 200B
amplifier (Molecular Devices), filtered at 5
kHz, and digitized at 10 kHz. Images (32  20
pixels, 20  20 m) were acquired at 50 Hz.
Mouse visual stimuli. The moving grating
stimuli were generated using the Psychophys-
ics Toolbox (Brainard, 1997; Pelli, 1997) in
MATLAB.Eachstimulustrialconsistedofa4s
blank period (uniform gray at mean lumi-
nance) followed bya4sdrifting sinusoidal
grating (0.05 cycles per degree, 1 Hz temporal
frequency). The visual stimuli were synchro-
nized to individual image frames using frame-
start pulses provided by ScanImage 3.7. The
gratingswerepresentedthroughanLCDmon-
itor (30  40cm), placed 25 cm in front of the
center of the right eye of the mouse. The mon-
itor subtended an angle of 	38° horizontally
and 20° to 38° vertically around the eye
ofthemouse.Forcell-attachedrecording,we
used a smaller LCD monitor (12  16 cm)
placed 10 cm in front of the right eye. Each
stimulus trial consisted ofa4sb l a n kperiod
followed bya2sdrifting square wave grat-
ing (0.05 cycles per degree, 2 Hz temporal
frequency).
Mouse data analysis. Slow drifts in brain po-
sition in the X and Y directions were corrected
using the TurboReg plug-in in ImageJ (The ´ve-
naz et al., 1998). All remaining analyses were
performed in MATLAB. ROIs corresponding
to visually identifiable cell bodies were se-
lected using a semi-automated algorithm. For
GCaMP3, GCaMP5G, and GCaMP5K, ring-
shaped ROIs were placed at the cytosolic re-
gions of the cells (excluding the nucleus;
GCaMP expression is typically restricted to the cytoplasm; Tian et al.,
2009). For OGB-1, circular ROIs covering the whole soma were used.
The fluorescence time course of each cell was measured by averaging all
pixelswithintheROI.Theneuropilcontaminationwascorrectedusinga
publishedmethod(Kerlinetal.,2010);inshort,theneuropilsignalFneu-
ropil (t) surrounding each cell was measured by averaging the signal of all
pixels within a 20 m circular region from the cell center (excluding all
selectedcells).Thetruefluorescencesignalofacellbodywasestimatedas
follows:
Fcell_truet 	 Fcell_measuredt 
 r  Fneuropilt,
with r  0.7 throughout the study. After neuropil correction, the F/F0
of each trial was calculated as (F  F0)/F0, where F0 is the baseline fluo-
rescencesignalaveragedovera2speriodimmediatelybeforethestartof
grating stimulation. Visually responsive neurons were defined using
ANOVAacrossblankandeightdirectionperiods(p0.01)(Ohkietal.,
2005). Of the responsive cells, orientation-selective cells were defined by
ANOVA across eight direction periods (p  0.01).
The orientation selectivity index (OSI), tuning width, and direction
selectivity index (DSI) were calculated for visually responsive cells. First,
thepreferredorientation(pref)ofthecellwasdeterminedastheangleof
Figure2. NeuronaltestingofGCaMP5s.A,GCaMP3and5Gresponsesinneurons.DIC(left)andfalse-coloredimageoffluores-
cenceresponseto40fieldstimuli(right).B,Trial-averagedresponsesofGCaMP3and5G,andOGB-1andFluo-4,to1and10field
stimuli. C, Peak F/F versus stimuli. Error bars indicate SEM. Right, blow-up of 1–5 stimuli. D, SNR including SEM. SNR was
computed as the ratio between the peak fluorescence response amplitude (F) and the SD of the fluorescence trace before
stimulusonset.Fluo-4wasomittedfromtheblow-ups.
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curvewasconstructedbymeasuringthemeanF/F0overthe4sstimulus
periodforeachorientation.Wethenfittedthetuningcurveasthesumof
two Gaussian functions centered on pref and pref   with equal width
, different amplitudes A1 and A2, and a constant baseline B (Niell and
Stryker,2008).Thevalueofwasrequiredtobelargerthan15°toreflect
thelimitofourstimulusset(45°separation)inresolvingsharpertuning.
The OSI was defined as follows:
Rpref 
 Rortho
Rpref  Rortho
,
whereRprefandRorthoaretheresponseamplitudeatthepreferred(pref)and
the orthogonal orientationpref 

2. Tuning width was defined as the
half-widthathalf-maximumofthefittedGaussian(  2  ln 2).Finally,
DSI was calculated as follows:
Rpref 
 Ropposite
Rpref  Ropposite
,
where Ropposite is the response in the opposite direction (pref  ).
For simultaneous imaging and cell-attached recording, ring-shaped
ROIs were placed at the cytosolic regions of the cells. Neuropil signals
were measured from the image region with the cell excluded. Neuropil
compensationwasperformedasabove(r0.7)beforecalculatingF/F.
For visual-evoked response (see Fig. 9A–E), the baseline fluorescence
(F0) was measured overa1speriod immediately before the start of
grating stimulation. For responses to a few isolated AP (Fig. 9E,F), we
searched the spike trace for events with 1, 2, and 3 APs within a 200 ms
window, and no other APs duringa1speriod before and a 0.5 s period
afterthefirstAP.Thebaselinefluorescence(F0)wasmeasuredovera0.2s
period before the first AP. AP detection was quantified using template
matching with the average trace of 1, 2, and 3 AP events as templates for
detecting 1, 2, and 3 APs, respectively. The 0 AP traces (478 traces) were
takenfromthesamefluorescencerecordingsduringperiodswherenoAP
was detected for at least 2 s. The decision variable was the projection of
the fluorescence traces along the direction of the template vector. Detec-
tion efficiency was defined as the fraction of correctly detected events
given a 5% false positive rate.
ThesingleexponentialmodelfitoftheGCaMP5Ksignal(Fig.9H)was
calculated by linear convolution of the detected spike point process with
asingleexponentialkernel:ht 	 A  e 
t
.TheamplitudeAandthe
decay time constant  were adjusted to minimize the mean square error
of the fit. For the nonlinear model, the output of the linear mode x(t) 
s(t)h(t) was passed to a nonlinear stage to generate the final output as
follows:
fitnon-lineart 	 xt  b  xt
2  c  xt
3.
The four parameters A, , b, and c were adjusted independently to min-
imize the mean square error.
Statistical methods. Unless specified otherwise, all statistical methods
wereimplementedinMATLABorMicrosoftExcel,usingstandardpack-
ages.
Results
Structure-guidedengineeringofGCaMP5sand
biophysical characterization
A small family of GCaMP5 variants was produced from the
GCaMP3 scaffold by combining improvements generated from
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targeted library screening at the M13pep-cpGFP and cpGFP-
CaM linkers. We also tested the effect of mutations to the M13
peptide and near the third Ca
2-binding site of CaM (Fig. 1A,
Table1).Tofacilitateengineering,wesolvedthecrystalstructure
of several GCaMP2 and GCaMP3 variants (Table 2).
InourpreviousanalysisoftheGCaMP2structure(Akerboomet
al., 2009), we predicted that the chemical environment and solvent
accessibilityofthecpGFPchromophorewouldbemodulatedinthe
Ca
2-boundstatebytheinterlobelinkerofCaM(residues377–383
of GCaMP3). Here, we tested a small number of mutations and
found that Asp380Tyr increases the Ca
2-bound fluorescence and
dynamic range (F/F)max of GCaMP3 (1.5- and 1.4-fold; Table 1;
GCaMP3-Asp380Tyr  “GCaMP5A,” GCaMP3-Thr302Leu,
Arg303Pro, and Asp380Tyr  “GCaMP5G”). Comparison of the
crystal structures of GCaMP2, GCaMP5A, and GCaMP5G confirm
thatTyr380isorientedtowardthecpGFPchromophore;indeedthis
mutation reorganizes nearby side chains and the water network in
closeproximitytothecpGFPchromophore,resultinginanapparent
decrease in solvent accessibility of the cpGFP barrel (Fig. 1B). Con-
sequently, the Asp380Tyr mutation raises the brightness of the
calcium-bound state of GCaMP3 for both GCaMP5A and
GCaMP5G; in addition, calcium affinity
and cooperativity (Hill coefficient) are in-
creased by 25% for GCaMP5A (Table 1).
The structure of the M13pep-to-cpGFP
linker (“linker 1”) is known to be critical to
sensor function (Nakai et al., 2001). Crystal
structure analysis of Ca
2-bound and
Ca
2-freeGCaMP2(Wangetal.,2008;Ak-
erboom et al., 2009) revealed that both
amino acids of linker 1 (Leu60 and Glu61)
make significant contacts to cpGFP and
CaM and stabilize both the apo and Ca
2-
bound conformations. After screening mu-
tagenic libraries at the linker 1 positions
(59–60), we found a number of variants
that substantially increased the dynamic
range of GCaMP3 in E. coli lysates (Table 1;
Fig.1C).Mutationoflinker1fromLeu-Glu
(GCaMP3)toHis-Pro(GCaMP5B)orGln-
Pro (GCaMP5C) approximately doubles or
triples the (F/F)max of GCaMP3, respec-
tively (Table 1; Fig. 1C).
MutationofthecpGFP-to-CaMlinker
(“linker 2”) has also been shown to affect
sensor function (Souslova et al., 2007).
Accordingly, we also screened targeted li-
brariesatthelinker2positions(302–303)
and identified variants with increased dy-
namicrangeinE.colilysates(Table1;Fig.
1C). Most prominent was Leu-Pro
(GCaMP5D), which has a (F/F)max ap-
proximately twice that of GCaMP3, but
with decreased affinity (Table 1).
Presuming that the improvements to
sensor function resulting from the indi-
vidualmutationofthecpGFP/CaMinter-
face and linker 1 (L1) and linker 2 (L2)
mightbeadditive,differentcombinations
ofthese(intheGCaMP3scaffold,Fig.1A)
named GCaMP5E-J, were characterized
extensively in vitro (Table 1). Compared
with GCaMP3, all these GCaMP5 variants have significantly
higher F/F (Table 1). The Arg380Tyr mutation not only in-
creasesthebrightnessofboththesaturated(sat)andapostatesin
the GCaMP3 background (GCaMP5A), it also increases the
brightness of both states for several of the other sensors with
modified linkers, e.g., 5G/D and 5H/F. Linker mutations L1-QP
(GCaMP5C), L1-HP (GCaMP5B), and L2-LP (GCaMP5D) de-
crease the fluorescence of the apo state, and their combination
has a cumulative effect: GCaMP5E, GCaMP5F, GCaMP5H, and
GCaMP5I are all exceptionally dim in the apo state. This effect is
strongest for GCaMP5F and GCaMP5H, both containing com-
binations of L1-QP and L2-LP, leading to an 160-fold fluores-
cence increase upon calcium binding in vitro (Table 1).
A GCaMP5 sensor incorporating the CaM mutation
Arg90Gly (Sorensen and Shea, 1996) was constructed in the
background of GCaMP5A, to further increase Ca
2 affinity
(GCaMPnumberingArg392Gly,GCaMP5K).WhileGCaMP5K,
as intended, has a higher affinity (and Hill coefficient) for Ca
2
than GCaMP3 (Kd  190 nM, n  3.8), it comes at a cost of
(F/F)max (Table 1). Another gain in affinity was achieved by
mutation of the M13 peptide, Ala52Val, in a “hydrophobic an-
chor” position (Hultschig et al., 2004) and similar to the “D2”
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Figure4. GCaMP5Dinmouseretina.A,Top,Fluorescencemicrographofretinalganglioncells(RGCs)expressingGCaMP5D.
Bottom,Two-photonfluorescenceimageofRGCsexpressingGCaMP5D.B,FluorescenceresponseofsixindicatedRGCstoinfrared
scan laser onset and to full-field blue LED flash. Black dashed lines show responses of a representative population of GCaMP3-
labeledRGCsrecordedunderidenticalstimulusconditions(datareplottedfromBorghuisetal.,2011).C,PeakF/Fdistributionfor
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endipitously in GCaMP5D (resulting in GCaMP5L), increases
calcium affinity 2-fold while preserving (F/F)max (Table 1).
We used an in-depth biophysical characterization of this
panel of variants to reduce the number taken forward for in vivo
testing, and identified some with particularly useful characteris-
tics. GCaMP5G has a significantly higher apo pKa (Table 1), in-
dicating that the Ca
2-free state is more likely to have a
protonated, dim chromophore at physiological pH. Apparent
rates of fluorescence conversion were determined by stopped-
flow mixing, beginning at 0 [Ca
2] and stepping to 250 nM–10
M. Initial rates (k1) of fluorescence after steps to 10 M [Ca
2]
were significantly faster for 5D and 5G than for GCaMP3 (Table
1), although rates after steps to 500 nM [Ca
2] were comparable.
Peak brightness and QY of GCaMP5s tested were comparable to
GCaMP3 (Table 3). One- and two-photon excited brightness
spectra (Mu ¨tze et al., 2012) of equimolar (1 M) amounts
GCaMP3 and GCaMP5G revealed that a larger fraction of mole-
cules is in the fluorescent, deprotonated state for GCaMP5G
compared with GCaMP3, and F/F for GCaMP5G was 2-fold
improved under one- and two-photon excitation (Fig. 1D). The
GCaMP5variantsretaintheslightredshiftofGCaMP3relativeto
EGFP (Fig. 1D).
CharacterizationinHEK293cellsandcultured neurons
We next characterized the GCaMP5 variants in HEK293 cells in
response to acetylcholine-induced Ca
2 mobilization (Tian et
al., 2009). The ratio of peak-to-baseline fluorescence was in-
creased for most variants, by up to 17 fold for GCaMP5H (Ta-
ble 1). This is the direct result of lower baseline fluorescence for
all variants except GCaMP5A, in agreement with in vitro data
(Table 1). GCaMP5s containing L1-QP (GCaMP5C, GCaMP5F,
andGCaMP5H)werenotselectedforfurtheranalysisincultured
neurons,duetothelowbaselinebrightnessofvariantscontaining
this linker. GCaMP5K was directly tested in primary rat hip-
pocampalneuronsduetoitshighaffinity;theHEK293celltesting
was omitted for this variant.
A selection of eight GCaMP5 variants was expressed in
primary rat hippocampal neurons by lentivirus-mediated
gene transfer. After 16–18 d, infected neurons appeared
healthy (Fig. 2A); most GCaMP5s were dimmer than
GCaMP3 at baseline, except GCaMP5K (“5K”), which was
approximately twice as bright before stimulation (Table 1).
APswereelicitedat83Hzviaacustom-builtextracellularfield
stimulator (1 AP per stimulus, data not shown) and imaged at
34.8 Hz with an EMCCD camera. In parallel experiments we
incubated neurons with cell-permeable versions (acetoxym-
ethylether,“AM”derivatives)ofthesmallmoleculecalciumdyes
OGB-1orFluo-4.Robustfluorescenceresponseswereseenfrom
1 to 160 field stimuli (Fig. 2B–D). We extracted fluorescence
from individual neurons and computed background-subtracted
fluorescencetransients.Singlefieldstimuli,correspondingtoone
AP, evoked fluorescence transients that were detectable in single
trials (Fig. 2B). Peak F/F (Fig. 2C) and signal-to-noise ratio
(SNR; Fig. 2D) were significantly improved for most GCaMP5
variants compared with GCaMP3, over at least part of the stim-
ulusregime(Fig.2C,D;F/FandSNRforeachvariantincluding
GCaMP3, OGB-1, Fluo-4, and G-GECO1.2).
Fusion-directedlocalizationinneuronsand astrocytes
GCaMP5G (“5G”), which showed the highest response at maxi-
mum stimulation in the cultured neuron screen, was selected for
testing in the context of specific protein fusions. Variant 5G
was fused to synaptophysin (Dreosti et al., 2009) creating
“SyGCaMP5G” (targeted to the outside of synaptic vesicles),
and to the Lck domain (Shigetomi et al., 2010b) (“Lck-
GCaMP5G”; inside of the plasma membrane). SyGCaMP con-
structs were transfected into hippocampal neurons, and boutons
wereimaged(Fig.3A);theresponseofSyGCaMP5G(“Sy5G”)to
Figure5. GCaMPsinC.elegansAWC
onneuroninresponsetoodoradditionandremoval.A,SchematicofAWCneuronlocation,andfluorescencemicrographofcorrespondingview.Scalebar,10
m.B,Omegabendingfrequencyofwild-typeC.elegans(N2)and5Aand5Ganimals.C,Odoraddition-evokedCa
2transients.Top,F/F(%).Bottom,SNR.D,Odorremoval-evokedCa
2
transients.ForbothCandD,trial-averagedresponsesarecoloredred,blue,andcyanforGCaMP3,GCaMP5G,and5A,respectively.Shadedarearepresentsodorpresence.ErrortracesindicateSEM.
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CaMP2 and SyGCaMP3 (Fig. 3B).
5G also proved superior to GCaMP3 for detection of Ca
2 hot-
spots in astrocytes. The membrane-targeted Lck-GCaMP5G (“Lck-
5G”) detected spontaneous Ca
2 transients (“spotty calcium”
signals) (Shigetomi et al., 2010a) and ATP-induced responses with
2-fold greater response magnitude than Lck-GCaMP3 in astro-
cytes; the 5G-determined responses also had more apparent local
Figure6. GCaMPsinDrosophila.A,SchematicoflarvalNMJpreparation,andclose-upofType1bboutonsfrommuscle13(segmentsA3–A5)usedforwide-fieldimaging.Scalebar,30m.B,
SingletrialsofelectricallyevokedCa
2transientsfromwide-fieldimagingintheDrosophilalarvalNMJ.Top:Fluorescencechanges(F/F)tracesfrompresynapticterminalsobtainedbydelivering
2sofelectricalstimulusatdifferentfrequencies.Bottom:SNRofthesamedata.Left,GCaMP3.Right,GCaMP5G.C,Two-photonimagingframescanofPNsinnervatingtheDC1glomerulusintheadult
flyAL(dorsalview)Scalebar,20m.D,ThemeanoffivereplicatestimulationsfromsixALs(5animals)isshownalongwiththeSD(betweenALmeans).Responsetoa0.1%octanol,1sodorpulse
fromDC1PNs.E,MeanoctanolresponsefromPNsfromDC1glomerulus(averagedover5flies)toincreasingconcentration.Allpanelsshowmean	SD.
Akerboom,Chenetal.• OptimizationofaGCaMPCalciumIndicator J.Neurosci.,October3,2012 • 32(40):13819–13840 • 13831Figure7. Invivoimaginginzebrafish.A,Schematicrepresentationofareaimaged(redsquare;retinalbipolarcellterminals)includingfluorescencemicrographofbipolarcell.B,Two-photon
imagingofcalciumspikesinaxonterminalsofretinalbipolarcellsinTg(Ribeye-A:GCaMP2)(greenline)andTg(Ribeye-A:GCaMP5G)(blueline)fish.Mean(	SEM)of20spontaneouscalciumspikes
plotted.C,Schematicoftectalneuropilimagedinzebrafish(redsquare).Micrographwithdashedyellowlinesmarkingthebordersofthetectalneuropil.D,ImagingCa
2transientsinRGCaxons
andtectalneurondendritesinGCaMP3,5A,and5Gfish.Single-trial(gray)andtrial-average(GCaMP3,red;5A,cyan;5G,blue)F/Ftracesrecordedduring2svisualstimulationtocontralateraleye
(blackbarsbelowtraces);stimulusbarmovesthroughthereceptivefieldoftheimagedneurons,andisunlikelytobevisibletotheimagedneuronfortheentire2s.E,Histogramsdepictingaverage
(F/F)max values (left), maximum (middle) (F/F)max values, and SNR (right), over the neurons analyzed. Error bars indicate SEM, **p  0.01, ***p  0.001, (Figure legend continues.)
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ciumsignaldetection(Fig.3C–E).Furthermore,thethresholdof
detection was lowered from 10 field stimuli for Lck-GCaMP3
to 2 field stimuli for Lck-5G for transfected astrocytes co-
cultured with neurons, indicating that both dynamic range and
sensitivity have been substantially improved for membrane-
targeted 5G compared with GCaMP3 (Fig. 3F). SNR was slightly
improved for most of the stimulus range, although variability was
higher due to lower baseline fluorescence (Fig. 3F).
Inparallel,membrane-targeted5GandGCaMP3wereexpressed
in astrocytes (under control of the glial fibrillary acidic protein
(GFAP) promoter) cocultured with neurons. Fluorescence changes
inastrocytesfollowingneuralactivityevokedbyelectricalfieldstim-
ulationwereeasilyrecordedusingGFAP-5G(Fig.3G).Theseresults
demonstrate that the GCaMP5 sensors will be useful to study Ca
2
dynamicsinarangeofcelltypes,andthattheseindicatorsaresuited
for membrane targeting and protein fusions.
Characterizationinmouse retina
GCaMP5D(“5D”)displayedlarge(F/F)maxto1–3fieldstim-
uli in cultured neurons (Fig. 2D), and was selected for further
testing in in vitro mouse retina, as before (Borghuis et al.,
2011).Weintroduced5DintoAAVundertheneuron-specific
hsyn1 promoter and infected mouse retinas in vivo (see Mate-
rials and Methods)(Borghuis et al., 2011). Retinal ganglion
cells (RGCs) were bright and appeared healthy, with nuclear-
excluded fluorescence (Fig. 4A, top). We recorded light-
evoked responses from 5D-expressing RGCs in dissociated
retinas (Fig. 4A, bottom). RGCs showed fluorescence changes
both to the onset of the infrared scan laser (910 nm; 20 mW after
the objective)(Borghuis et al., 2011) and to a flash of visible light
(420 nm) delivered with an LED 2 s after scan onset (Fig. 4B).
Time course, amplitude, and polarity of the responses varied
across the labeled population, consistent with the known diver-
sity of RGC types (e.g., ON and OFF, brisk and sustained). The
peak amplitude (F/F)max of the evoked fluorescence response
was1.6	1.3(n55;mean	SEM;range0.0–4.5)(Fig.4C).Of
all 5D-expressing cells, 65% responded with (F/F)max  0.6
(mean 2.3 	 1.0). For comparison, GCaMP3 and OGB-1 pro-
duced distributions of (F/F)max with peaks around 0.2, with
only 30% of GCaMP3- and OGB-labeled RGCs showing (F/
F)max  0.15 (Borghuis et al., 2011) (Fig. 4C). SNR for
GCaMP5D was significantly improved compared with GCaMP3
(GCaMP3: SNR average  8.97 	 1.08, n  187; GCaMP5D:
SNR average 13.43 	 1.16; n  64; p  0.025) (Fig. 4D).
Imagingsensory-evokedCa
2transientsin worms
To test the in vivo performance of GCaMP5 in worms, we selected
GCaMP3,5A,and5Gforanalysis.Wemonitoredtheactivityofthe
C. elegans AWC
on chemosensory neuron, which responds to odor
presentation with graded calcium decreases and to odor removal
with graded calcium increases (Tian et al., 2009) (Fig. 5A). All
GCaMPs were expressed from the same promoter; in all cases, no
defectwasobservedinAWC-dependentspontaneous
turningfre-
quencywasunaffectedbythetransgene(Tianetal.,2009)(Fig.5B).
Individualwormswereimagedinamicrofluidicchamberduringan
odor addition–removal sequence with the odor isoamyl alcohol
(IAA) (Fig. 5C,D). All GCaMPs detected the known decrease in
AWC calcium upon odor addition and the calcium increase upon
odorremoval(Tianetal.,2009).GCaMP5Gperformedcomparably
to GCaMP3 for odor presentation and for odor removal, based on
totalfluorescencechangeandSNR.GCaMP5Ashowedastrongsup-
pression in baseline fluorescence upon odor addition, and a large
increaseafterodorremoval.Inaddition,thehigherbaselinefluores-
cence of 5A resulted in a threefold improvement in SNR for odor
presentation, and a twofold increase in SNR for odor removal, over
GCaMP3. However, the 5A fluorescence plateaued near peak, sug-
gesting a truncation of the response to the highest calcium levels,
unlikeGCaMP3.Theseresultsareconsistentwiththehigheraffinity
andcooperativityof5ACa
2bindingcomparedtoGCaMP3(Table
1). Many neurons in C. elegans exhibit graded responses to stimuli,
and5Aextendstheobservablerangetocalciumfluctuationstoolow
forGCaMP3todetectreliably.Theseresultsindicatethat5Amaybe
an improved indicator for C. elegans neurons, with the choice be-
tween 5A and GCaMP3 dictated by the specific application.
CharacterizationofGCaMP5sinlarvalDrosophila
BothGCaMP3and5GwereexpressedinDrosophilamelanogaster
larvae using a motor-neuron promoter (OK6-Gal4). Type 1b
NMJ boutons of third instar larvae were imaged following activ-
ity evoked from electrically stimulating motor neuron axons us-
ing a suction electrode (Macleod et al., 2002) (Fig. 6A). Larval
NMJs showed robust fluorescence changes to evoked APs across
a range of stimulation frequencies. GCaMP5G showed a three-
fold increase in (F/F)max over GCaMP3, saturating at 8. Sin-
gleAPswereclearlydetectableintrial-averaged5Gresponsesbut
only rarely in single trial responses (Fig. 6B). The shapes of the
F/FmaxandSNRmaxcurvesweresimilarforbothindicators,but
responses with 5G were significantly greater than those with
GCaMP3acrossallstimulifrequencies(n6,10NMJs/GCaMP,
7 larvae, for electrical stimuli at 1, 5, 10, 20, 40, 80, and 160 Hz, p
valuesatF/Fmaxwere0.0006,0.01,0.002,4.8e-06,6.6e-10,1.5e-
11, and 1.3e-12, respectively, and p values at SNRmax were 6.6e-
06, 0.006, 0.001, 4.7e-06, 1.2e-09, 9.7e-10, and 1.2e-06,
respectively).
Imagingsensory-evokedCa
2transientsinadultDrosophila
In parallel we crossed UAS:GCaMP Drosophila flies with a Gal4
flyline(GH146-Gal4)expressingbroadlyintheolfactoryprojec-
tionneurons,andimagedcalciumchangesintheAL(Jayaraman
and Laurent, 2007), in the DC1 glomerulus, in response to pre-
sentations of octanol (Fig. 6C). For 1% octanol (the highest in-
tensity stimulus we presented) we observed: 5G, 8.96 	 3.02
(F/F)max (range 6.11–14.08, n  6 ALs); GCaMP3, 3.18 	 0.90
(F/F)max (range 2.02–4.72, n  6 ALs), a threefold improve-
ment (Fig. 6D) in dynamic range. We presented a range of con-
centrationsofoctanoltoobtainatuningcurvewithGCaMP3and
5G(Fig.6E).TheshapesoftheF/FmaxandSNRmaxcurveswere
similar for both indicators, but responses with 5G were signifi-
cantlygreaterthanthosewithGCaMP3acrossallconcentrations
except 0.01% octanol (n  6 ALs/GCaMP, five flies, for concen-
trations of 0.0001, 0.001, 0.01, 0.1, and 1% octanol, p values for
F/Fmax were 0.007, 0.005, 0.07, 0.0003, 0.0002, and 0.0003, re-
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(Figurelegendcontinued.)n.s.,notsignificant;two-tailedttest.F,Cumulativedistributionsof
amplitudesofvisuallyevokedcalciumtransients:p0.03for5G,p0.001for5A(compared
with GCaMP3); two-sample Kolmogorov–Smirnov test. For all experiments n  35 calcium
transientsrecordedin3larvae.G,Schematicoftwo-photonimagedlocation[optictectum
somata of Tg(elavl3:GCaMP2, 3, and 5G) fish] including micrograph. H, Left, Fraction of cells
withdetectableresponse(for5GvsGCaMP3:pairedttest,one-tailedp0.01).Right,Cumu-
lativehistogramofpeakF/Fvalues.I,Trial-averaged(n11,9,and9animalsforGCaMP2,
GCaMP3,andGCaMP5G,respectively)responsestovisualstimulioftop50%ofrespondingcells,
rankedbypeakF/F.J,SNRoftrial-averagedresponses.CelltracesweredividedbytheSDof
10sprecedingvisualresponse.TheaverageofthisSNRtraceforeachindicatorisplotted.
Akerboom,Chenetal.• OptimizationofaGCaMPCalciumIndicator J.Neurosci.,October3,2012 • 32(40):13819–13840 • 13833spectively,andpvaluesforSNRmaxwere0.002,0.001,0.11,0.004,
0.002, and 0.001, respectively).
In vivo imaging of evoked and spontaneous APs in zebrafish
We tested GCaMP2, GCaMP3, 5A, and 5G in vivo in zebrafish
(Danio rerio), at three different locations in the visual pathway
(Nevinetal.,2010).Anoverviewofthefishvisualsystemforeach
of the three imaging locations is shown (Fig. 7A,C,G). GCaMP2
and 5G were first expressed in sensory neuron ribbon synapses,
under control of the Ribeye-A promoter. In Ribeye-A GCaMP
fish(Fig.7A),5Gshoweda2.5foldlarger(F/F)maxcompared
with GCaMP2 in bipolar cell terminals in the inner plexiform
J
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Figure8. Comparing5Gand5KwithGCaMP3andOGB-1inmousevisualcortex.A,Left,Schematicshowingexperimentalsetup.Right,GCaMP5Gexpressioninlayer2/3neuronsofV13weeks
followingAAVinjection.B,Normalizedfluorescenceintensityalongalinethroughthecenterofacell(redlineinA,right).Meaninredandstandarddeviationingray.C,Responsesofthreecellsto
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(510	500ms),5K(570	580ms),OGB-1(1510	460ms);p0.73(3vs5G),0.045(3vs5K),0.083(5Gvs5K),(p10
23,GCaMPsvsOGB-1;Wilcoxonsignedranksumtest).J,OSI.GCaMP3,
0.87	0.05;5G,0.76	0.06;5K,0.82	0.11;OGB-1,0.75	0.08;ANOVA1,p0.03.K,Tuningwidth.GCaMP3,23	1;5G,25	2;5K,24	1;OGB-1,25	1;ANOVA1,p0.11.L,DSI.
GCaMP3,0.35	0.03;5G,0.33	0.04;5K,0.4	0.1;OGB,0.3	0.02;ANOVA1,p0.15.ErrorbarsindicateSEM.
13834 • J.Neurosci.,October3,2012 • 32(40):13819–13840 Akerboom,Chenetal.• OptimizationofaGCaMPCalciumIndicatorFigure9. Relationshipbetweenspikingand5Ksignalinvivo.A,Visuallyevoked5Kresponse(top)andsimultaneouslyrecordedspikes(bottom)inalayer2/3pyramidalcellinV1.Arrow,Putative
singlespike-inducedsignal.B,5Kresponses(top:gray,individualtrials;purple,averageof5trials)andcorrespondingspikeraster(middle)andperistimulustimehistogram(bottom)duringthe
presentation of eight oriented grating stimuli. C, Peak GCaMP5K response during 2 s visual stimulation as a function of spike rate. D, Peak GCaMP5K (Figure legend continues.)
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which might be related to Ca
2 spiking in some of these termi-
nals (Dreosti et al., 2011). GCaMP3, 5A, and 5G were next ex-
pressed pan-neuronally, using the elavl3 (HuC) promoter. In
RGCaxonsandtectaldendrites(Fig.7C),5Aand5Gresponsesto
visual stimuli were greater compared with GCaMP3 (Fig. 7D)i n
both average and maximum peak response (Fig. 7E). SNR was
improvedforboth5Aand5G.Interestingly,asforthewormodor
addition/removal imaging, 5A outperformed GCaMP3 and 5G
(Fig.7D–F).Intectalneuronsomata(Fig.7G),(F/F)maxfor5G
was over threefold improved compared with GCaMP3 (Fig.
7H,I). More importantly, the number of cells with detectable
visualresponsesincreasedbysixfold(35%ofthetotalnumberof
cells) for 5G compared with GCaMP3 (Fig. 7H). SNR was four-
fold improved for 5G compared with GCaMP3 (Fig. 7J).
In vivo imaging of visual stimulus-evoked activity in
mouse cortex
L2/3 neurons in the mouse primary visual cortex (V1) show a
broaddistributionofspikeratesinresponsetovisualstimulation
(0–20 Hz; median 4 Hz) (Niell and Stryker, 2008). In contrast to
other sensory areas in the rodent (O’Connor et al., 2010), the
majority of V1 neurons can be driven to spike. L2/3 in V1 thus
provides an ideal system to assay the sensitivity of different cal-
cium indicators in vivo. A larger fraction of responding neurons
in V1 indicates higher sensitivity for detecting APs.
We thus tested GCaMPs in V1 under similar experimental
conditions used in published studies (Niell and Stryker, 2008;
Kerlinetal.,2010;Zariwalaetal.,2012).Both5GandGCaMP5K
(“5K”)weretestedinvivobecauseoftheirsuperbSNRincultured
neurons (Figs. 2D, 4). Both GCaMP5s and GCaMP3 were deliv-
eredbyAAV-hsyn1viralinfection.Forcomparison,thesynthetic
indicator OGB-1-AM was bulk-loaded into V1 (Stosiek et al.,
2003; Ohki et al., 2005). Three weeks after AAV infection, robust
GCaMPfluorescencewasobservedinlayer2/3neurons(Fig.8A,
5G). We imaged many in vivo fields of view in mice 3–4 weeks
after infection with GCaMP5G or GCaMP3. Nuclear filling, a
correlate of cytomorbidity (Tian et al., 2009), was seen in only a
small fraction of cells and was comparable to GCaMP3 (Fig.
8A,B).
To elicit neuronal activity, moving gratings were presented in
eight orientations to the contralateral eye of lightly anesthetized
mice (Niell and Stryker, 2008; Kerlin et al., 2010). Two-photon
imaging revealed visual stimulus-evoked GCaMP responses in
subsets of layer 2/3 neurons (Fig. 8C,D, 5G; 438/2041 cells in five
mice; ANOVA, p  0.01). Many of these cells were orientation-
selective(e.g.,cells1,2;Fig.8C)ordirection-selective(cell3;Fig.
8C), consistent with the known properties of these neurons
(Mangini and Pearlman, 1980; Sohya et al., 2007; Niell and
Stryker, 2008; Kerlin et al., 2010; Zariwala et al., 2011). Of the
responsive neurons, 56% (244/438) were orientation-selective
(ANOVAacrosseightorientations,p0.01),and24%(105/438)
weredirection-selective(DSI0.5;Fig.8D).For5G,theaverage
OSIofvisuallyresponsiveneuronswas0.75	0.24(mean	SD);
theDSIaveraged0.32	0.26.Theorientation/directionselectiv-
itywascomparabletopublishedreportsbasedonelectrophysiol-
ogy (Niell and Stryker, 2008), suggesting that expression of 5G
does not compromise the tuning properties of mouse cortical
neurons.
Identical experiments were performed with GCaMP3 (eight
mice, 3910 cells) and OGB-1 (three mice, 3606 cells). Both 5G
and 5K allowed the detection of visual responses in more than
twice as many neurons as GCaMP3, although sensitivity still
lagged OGB-1 (Fig. 8E). This improvement did not depend on
compensation for the neuropil signal (Fig. 8F; see Materials and
Methods) (Kerr et al., 2005). The fluorescence half-decay time
after stimulus offset was not significantly different between 5G,
5K, and GCaMP3; all three were significantly faster than OGB-1
(Fig. 8G,I). The average 5G response amplitude (peak F/F)a t
the preferred orientation was 2-fold greater than GCaMP3
amonglowresponders(50–80thpercentileofallneurons),mid-
responders (80–97th percentile) and high responders (97th
percentile); for 5K the low and mid-responders were 2-fold
greater, whereas the high responders were comparable to
GCaMP3 (Fig. 8H). This indicates both an improved sensitivity
anddynamicrangeforbothGCaMP5scomparedwithGCaMP3.
AverageGCaMP5GandOGB-1OSI,DSI,andtuningwidthwere
almost indistinguishable (Fig. 8J–L) and similar to published
studies based on electrophysiology. These data show that long-
term expression of GCaMPs does not perturb the synaptic cir-
cuits underlying orientation and direction tuning.
Therelationshipbetweenfluorescencedynamicsand spiking
To characterize the relationship between spiking and GCaMP
signals in vivo, we performed simultaneous cell-attached record-
ing (Sato et al., 2007; Tian et al., 2009) and Ca
2 imaging during
visual stimulation (Fig. 9A) for GCaMP5K. The goal of these
experiments was twofold. First, we wanted to directly relate the
fluorescence change of one of the most promising GECIs,
GCaMP5K,tospikingactivity.Second,inourinvivoexperiments
usingGCaMP3wehavenoticedlargetrial-to-trialfluctuationsin
the fluorescence signal (Huber et al., 2012).We thus tried to de-
termine if the variability in fluorescence is explained by variabil-
ity in neural activity coupled to the nonlinear dynamics of the
sensor, or if other noise sources need to be considered.
Visually evoked spikes were tightly correlated with increases
in 5K fluorescence (Fig. 9B). Single spike-induced fluorescence
eventswereoccasionallydetected(e.g.,Fig.9A,arrow).Insimple
cells, the phasic modulation of spike rate at the temporal fre-
quency of the drifting grating (2 Hz in this set of experiments)
was reflected in a step-like change in the fluorescence signal (Fig.
9A). The orientation selectivity of the spiking responses was re-
flected in the 5K responses (Fig. 9B).
The relationship between fluorescence change and spike rate
within the stimulus period was supralinear (Fig. 9C–E). This su-
pralinear relationship was also evident for spontaneously occur-
ring spikes (Fig. 9G). The amplitude of 5K signal for single APs
and bursts of two or three APs was 3.6 	 5.7, 9.1 	 7.7, and
18.5 	 9.7% (mean	 SD), respectively. For GCaMP3, the fluo-
rescence response to 1–3 physiological APs was barely detectable
in vivo (Tian et al., 2009). The half-rise time and half-decay time
forsingleAP-inducedsignalswere28	5and268	20s,respec-
tively (mean 	 SEM). We quantified the spike detection effi-
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(Figure legend continued.) response plotted against spike rate for nine cells. E, Average
GCaMP5Kresponseto1,2,and3APswithin200mssearchwindows.Graytracesaremean	
SEM(n225,81,and21for1,2,and3APs,respectively).F,Spikedetectionefficiency.G,Peak
F/F response to 1, 2, and 3 APs. H, Single exponential model (yellow trace) and nonlinear
model(greentrace)fitoftheGCaMP5Ksignal(gray)fromthesimultaneouslyrecordedspike
response(blacktrace,bottom).Arrows,Underestimationoflargeevents.Arrowheads,Overes-
timationofsmalleventsbythesingleexponentialmodel.I,Trial-to-trialvariabilityofGCaMP5K
(coefficient of variation) during repeated presentation of preferred stimuli calculated using
differentmeasures.(**p0.0012;n.s.,nonsignificant;n7cells).J,Trial-to-trialvariability
offluorescentresponsesatpreferredorientationquantifiedforallvisuallyresponsiveneurons,
forallfourcalciumindicators.
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efficiency was 29.3% for 1 AP, 63.0% for 2 APs, and 95.2% for 3
APs, at a 5% false positive rate (Fig. 9F).
The supralinear relationship between spiking and GCaMP5K
fluorescence has to be taken into account in the interpretation of
GCaMP-basedcalciumimaging.Thissupralinearityprovidessu-
perbSNRforimaginghighlyactiveneurons;however,thesupra-
linearrelationshipalsoemphasizesdifferencesinspikerateacross
trials, leading to a larger trial-to-trial variability. Indeed, trial-to-
trialvariabilityofGCaMP5Kresponseswaslargercomparedwith
spikes (Fig. 9I) and OGB-1 responses (Fig. 9J) during repeated
presentation of preferred stimuli.
Thisdifferenceinvariabilityiscompletelyexplainedbyaquanti-
tative model relating 5K signals and spiking activity. For synthetic
calcium indicators convolving spikes with a single exponential ker-
nelaccountswellforthesignalofseveralsyntheticcalciumindicators
(Yaksi and Friedrich, 2006; Greenberg and Kerr, 2009; Kerlin et al.,
2010; Komiyama et al., 2010; Sato and Svoboda, 2010). When ap-
pliedtoGCaMP5K,however,asingleexponentialmodelunderesti-
mates the response during strong activity (Fig. 9H, arrows), and
overestimates the response during weak activity (Fig. 9H, arrow-
heads). Adding a simple supralinearity after the linear convolution
(seeMaterialsandMethods)greatlyimprovesthefit(Fig.9H,green
curve). The nonlinear model reproduces the higher trial-to-trial
variationoftheGCaMP5Kresponsecomparedwithspikes(Fig.9I).
Furthermore, removing the nonlinear fit from the data, and replac-
ing it with a linear fit, brought the trial-to-trial variability back to a
similar level as estimated by spikes.
Discussion
GCaMP3hasbeenwidelyusedindiversemodelorganisms,facil-
itating a large number of new neuroscience applications. How-
ever, GCaMP3 has remained lacking in detection of sparse
spikingactivity.AlloftheGCaMP5sdescribedshowedimproved
dynamic range compared with GCaMP3. Several GCaMP5 indi-
cators (5A, 5D, 5G, and 5K) were further characterized in a wide
variety of neuronal and astrocyte activity imaging preparations,
and in several model organisms in vivo. Depending on the appli-
cation, the user will have the option to pick the ideal GECI.
GCaMP5s were produced from the GCaMP3 scaffold by tar-
geted library screening at the cpGFP/CaM proto-interface and
thetwointerdomainlinkers.FunctionalanalysisofGCaMPvari-
ants has largely validated the conjecture that crystal structures
provide snapshots of conformational states that are directly rele-
vant to the sensing mechanism. The primary utility of GCaMP
crystalstructureshasbeentodelineatetheproteindomainproto-
interfaces and the GFP chromophore environment, which
guided targeted library mutagenesis, while also supporting some
atomic-levelpredictions.Thecriticalimportanceoflinkerlength
and composition to GCaMP function is consistent with recent
results in other sensor classes(Horikawa et al., 2010; Alicea et al.,
2011;Marvinetal.,2011).InGCaMPandothersensorsbasedon
circularly permuted fluorescent proteins, the linkers are in close
proximity to the FP chromophore, and may both directly mod-
ulate fluorescence and contribute to the efficiency of larger scale
ligand-dependentdomainrearrangements.Wehaveconsistently
found proline to be enriched in the interdomain linkers of high-
SNRvariantsofcpGFP-basedindicators(Aliceaetal.,2011;Mar-
vin et al., 2011); the increased rigidity of the proline polypeptide
backbone may limit interdomain conformational sampling to
states that differ more widely in fluorescence.
Some GCaMP5 variants show a 150-fold increase in flu-
orescenceuponcalciumbindinginvitro;thisisapproximately
equivalent to the best small-molecule probes (but both have
low baseline fluorescence). This 10-fold improvement did not
translate into increased performance for these specific
GCaMPs in more demanding preparations because of the low
baseline fluorescence, underlining the importance of these
medium-throughput cell-based assays in biosensor develop-
ment. Performance in various in vivo and reduced prepara-
tions in a variety of cell types shows that GCaMP5A,
GCaMP5G, and GCaMP5K variants consistently outperform
GCaMP3. This level of improvement was also consistent for
GCaMP5G fused to synaptic vesicles and the plasma mem-
brane. These results suggest that the improvements are “in-
trinsic” to the sensor, rather than due to “extrinsic” factors
such as [Ca
2] levels in specific cells or subcellular locations,
temperature, expression level, or vagaries of the particular
system tested. Biophysical characterization showed that sev-
eral factors contribute to this improvement: lower Ca
2-free
fluorescence, higher Ca
2-bound fluorescence, and higher
Ca
2 affinity.
GCaMP5G showed the largest responses to maximal stimula-
tion when expressed in cultured neurons, and was therefore
tested in all model organisms described. Comparative experi-
ments with GCaMP5A and GCaMP5G in zebrafish and worm,
and GCaMP5G and GCaMP5K in mouse, showed that all these
GCaMP5soutperformedGCaMP3inF/Fand/orSNR.Inworm
andzebrafish,GCaMP5Ashowedthelargest(F/F)maxandSNR,
indicating that for some preparations GCaMP5A might be the
preferred version over GCaMP5G and GCaMP3. In mouse,
GCaMP5G and GCaMP5K performed similarly well.
A recent report describes variants of GCaMP3, termed “G-
GECOs”(Zhao et al., 2011), optimized by selecting for maxi-
mum F/F in E. coli colonies expressing random mutagenic
libraries. Each of the G-GECO variants described is signifi-
cantly dimmer than GCaMP3 in both the Ca
2-free and
Ca
2-bound states, with a greater decrease in the former lead-
ing to a higher F/F. Although G-GECO1 displayed improved
KCl-evoked signal change in dissociated rat hippocampal neu-
rons at maximum stimulation, an intrinsically dimmer sensor
may complicate imaging in more complex preparations. Indeed,
SNR of G-GECO1.2 was lower than GCaMP3 over the complete
range of field stimuli (Fig. 2). In vitro (F/F)max for the best
G-GECOs are 2-fold higher than GCaMP3, whereas some
GCaMP5 variants show a 14-fold increase in the (F/F)max of
GCaMP3 in vitro. GCaMP5G, the most consistently high-
performing variant across in vivo assays, outperforms G-GECOs
in terms of (F/F)max in vitro. The improved performance of the
GCaMP5s versus the G-GECOs supports the strategy of
structure-guided engineering as an efficient way to improve sen-
sors, rather than random mutagenesis.
We compared the in vivo responses of mouse visual cortical
neurons labeled with two of the best GCaMP5s (GCaMP5G and
GCaMP5K), GCaMP3, and OGB-1, upon presentation of visual
stimuli to the mouse. The GCaMP5 variants and OGB-1 showed
similar fluorescence responses for most cells at the optimal stim-
ulus orientation; GCaMP3 fluorescence responses were signifi-
cantly lower. For all GCaMPs, after stimulation, fluorescence
intensity returned to baseline level significantly faster compared
with OGB-1. Annotation of the total fraction of visually respon-
sive cells by GCaMP5 was twofold improved over GCaMP3, al-
though still trailing OGB-1. This is in agreement with the
zebrafish imaging, where GCaMP5G resulted in a larger fraction
of visually responsive cells as well. These results are consistent
with simultaneous imaging/cell-attached recordings; GCaMP5K
Akerboom,Chenetal.• OptimizationofaGCaMPCalciumIndicator J.Neurosci.,October3,2012 • 32(40):13819–13840 • 13837detects single APs and bursts of 2–3 APs much better than
GCaMP3 (Tian et al., 2009), although less well than OGB-1. De-
tection of larger bursts of activity is also much improved for
GCaMP5s compared with GCaMP3 and OGB-1, increasing the
effective dynamic range of imaging. A nonlinear model of fluo-
rescencedependenceonspikerateaccuratelyfitstheinvivodata,
and reduces trial-to-trial variability. Together these results show
thatGECIsareapproachingsmallmoleculeindicatorsintermsof
detection of sparse activity and neural activity quantification.
Withitsimprovedperformance,GCaMP5willdirectlyenable
more experiments in neuroscience and other fields of biology.
ImprovementsinGECItransgenedeliverywillalsocontributeto
increased utility. We have recently published a Cre-dependent
GCaMP3 reporter mouse, allowing stable long-term expression
in genetically defined neurons (Zariwala et al., 2012). Trans-
synaptic delivery of calcium indicators is possible using rabies
virus(Osakadaetal.,2011).Zincfingernucleaseshavefacilitated
chromosomal knock-ins in a variety of organisms, including
those with few established genetic resources.
Although the GCaMP5s are currently the best GECIs for
single-wavelength calcium monitoring, FRET-based sensors of-
fer the advantage of easy donor/acceptor ratioing, primarily for
motionartifactcontrol.SeveralversionsoftheFRET-basedGECI
Yellow Cameleon, including YC2.6, YC3.6 (Nagai et al., 2004),
andthehigh-affinityYC-Nano(Horikawaetal.,2010),havebeen
reported to detect sparse neural activity in various in vivo prepa-
rations (Grewe et al., 2010). Additionally, mutants of GCaMP3,
GEX-GECO1, and GEM-GECO1 (Zhao et al., 2011), offer
excitation- and emission-based ratioing from a single FP chro-
mophore. Variants of GCaMP5 harboring similar mutations, fu-
sion to a second FP, or stoichiometric expression using viral 2A
peptidesmayofferincreasedperformancelevelswitharatiomet-
ric output.
AlthoughwehaveshownthattheGCaMP5variantsconstitute
a significant improvement over G-GECO and GCaMP3, further
GECI engineering remains. Detection of sparse spiking activity
shouldbebroughtinlinewiththebestsmallmoleculeindicators.
Improvementsinriseanddecaykineticsarerequiredtoprecisely
monitor spike number and time. Long-term overexpression ar-
tifacts,suchasthecytomorbidnuclear-fillingphenotype,mustbe
understood and eliminated, either through protein engineering
or fine-tuned control of expression by promoter and enhancer
adaptation. Improved GECIs, in combination with recent ad-
vances in light delivery and collection, fast scanning, image anal-
ysis, and behavioral paradigms, are setting the stage for chronic
neural activity imaging to address fundamental questions in
learning and memory, development, and the neural basis of
behavior.
Notes
Supplemental material consisting of 32 indexed supporting figures is
available at http://www.janelia.org/lab/looger-lab. This material has not
been peer reviewed.
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